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-?,' Abstract #’/ {

"~ )An experimental study of cathode plasmas in planar diodes driven by a Sandia "'-‘T:I e
F Nereus accelerator (270 kV, 60 kA, 70 ns), with particular attention devoted to X .
plasma uniformity and expansion velocity, has been carried out. TS

The diode current density was varied over a factor of ten and the rate of
rise dE/dt of the applied field was varied over a factor of six. Different cathode
materials, coatings, and surface roughnesses were used and the effects of giow dis-
b charge cleaning and in situ heating were examined. Framing photography, eiectron

beam dosimetry, perveance measurements, optical interferometry, and (spatially
and temporally resolved) spectroscopy were used to diagnose the plasma unifor-
mity, electron beam uniformity, plasma front motion, electron density, plasma
composition, motion of distinct species. electron temperature, and ion (and neu-
tral) densities. — - - . _
Electron beam uniformity is seen to be related to cathode plasma uniformity;
P this uniformity is enhanced by a high value of (the microscopic) dE/dt, which is
determined both by the rise time of the applied fieid and by the cathode surface
roughness. The significance of dE /dt is believed to be related to the screening
effect of the emitted electrons.

The motion of the plasma front is seen to be affected by two phenomena. To

begin with, all species of the cathode plasma are seen to expand at the same rate.

P The ions are believed to be accelerated to velocities on the order of 2-3 cm/us in —y
dense cathode spot regions at the cathode surface. Plasma expansion is also seen .
to be inhibited by electric pressure effects, which are influenced by the shape of kR
the driving power puise. o SR

A simple cathode plasma model, which explains the similarity of plasmas in -."-'.'_-,.:j-’:.’

b diodes with greatly differing parameters, is proposed. ¥ ~' a3

The relevance of these results to inductively driven diodes. repetitiveiy puised OREME

diodes. and magnetically insulated transmission lines is also discussed.

Thesis Supervisor: Dr. George Bekefi
‘ Title: Professor of Physics
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Chapter 1

_ Introduction

This chapter consists of discussion of the motivation for the present work, a

brief description of the experiments, and an outline of the remainder of this thesis.

1.1. Background

Intense charged particle beam generators! have been developed during the
past twenty years to the point where beam currents of 10 MA, powers of 1013 W,
and energies of 10° J are presently available.? These devices consist of a series

of energy compression (and hence power multiplication) stages which deliver a

vacuum diode (also variously referred to as an explosive emission, field emission,
or cold cathode diode). This diode in its simplest form consists of a pair of
electrodes separated by vacuum; when an electric field on the order of 10° V/cm
is impressed across the gap, a'plasma is formed on the cathode, constituting a
zero work function surface from which intense electron current may be drawn. It

is this plasma cathode which allows current densities in excess of 107 A/cm? to be

drawn from the cathode surface, exceeding by orders of magnitude those available
from thermionic or photoelectric cathodes. An anode plasma may also be formed,
either by the electric field directly or by the heating effect of impinging electrons
from the cathode: in this case a large flux of ions may be drawn from the anode.
Finally. since either electrode may be made largely transparent. intense electron

or ion beams can be extracted from the diode.

Intense relativistic electron beams were first developed to provide sources for

Hash x-radiography. There are presently many applications of intense charged par-
ticle beams. such as x-ray production,’> microwave generation.* laser pumping.®
electron beam controlled switching,® and material response studies.” Perhaps the
most important potential application concerns inertial confinement fusion (ICF):

both electron®-° and ion’° beams have been proposed as ICF drivers. There is cur-

rently a vigorous effort in the United States directed towards light ion beam driven

13
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ICF,!1+12.13 and similar efforts are underway in France.!* Japan,!5:!¢ China'? L
and (most recently) West Germany.'® Electron beam driven ICF, which has been _
largely abandoned in the West in recent years, is still being pursued in the Soviet -
Union.!® O
Intense charged particle beam applications to magnetic confinement fusion2° .
such as plasma heating,?! field reversal,?? and current drive2? are also being in-
vestigated: in addition, there are possible industrial uses for slightly lower power— 2 -
= beams, such as heat treatment,?* ion implantation 2% and radioisotope production i
= through target activation,?® which remain largely unexplored. -
- g
1.1.1. Significance of the Cathode Plasma C N

The formation and subsequent dynamics of the cathode plasma are perhaps
the most significant factors affecting the behavior of high power vacuum diodes.
The three most important characteristics of the cathode plasma are the formation
time, expansion velocity and uniformity. Plasma formation is not instantaneous,
with typical delays of 3-10 ns, and once formed the plasma does not remain
stationary but expands toward the anode. This expansion in effect reduces the

cathode-anode gap which alters the diode impedance and eventuaily terminates

the pulse due to shorting of the gap. Finite formation time is the principle lim-
itation on short pulse diodes while the expansion velocity is more significant for
longer pulses. In addition to a delay time for plasma formation. the plasma may

- not be formed uniformly. This reduces the total current available from the cath-

o
-

ode. but more important. gives rise to a ‘bumpy’ surface which can disturb the
electron trajectories in the diode. causing beam filimentation or imparting a finite :
transverse velocity to the electrons. As a relatively cool. uniform ejectron beam is o
vital to the operation of all of the aforementioned devices. in particular ion beam L
diodes (since the ion and electron beam trajectories are coupled) and beam driven

. microwave devices. plasma uniformity is a critical requirement.

Of course. formation time, uniformity, and expansion velocity are not neces-
sarily independent. As will be shown in Ch. 4. the plasma uniformity increases

as the formation time decreases. Also. a nonuniform plasma may have regions R
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of locally high current density, causing increased heating and thus (presumably)

increased expansion velocity.

The physics of cathode plasma formation is also directly relevant to the prob-
lem of electromagnetic power flow. The electric fields associated with high power
densities will break down any material used as an insulator in a transmission line.
Vacuum will also break down, with the resulting formation of a cathode plasma.
However. if the current is high enough, its own self magnetic field will return (in
principle) all electrons emitted from the cathode plasma back to the cathode.?”
These so-called magnetically insulated transmission lines3® (MITL’s) are an in-
tegral part of most high power particle beam systems as well as pulsed power
systems (such as those used to drive imploding foils?°) that do not involve particle
beams as such.

1.2. Description of the Experiments
1.2.1. Experimental Goals

The objective of the work reported here is to characterize the cathode plasma
with regard to uniformity, expansion velocity, density, composition, and (electron)
temperature as a function of several experimental parameters such as the cathode
material and the diode current density. The plasma formation time was too short
to be measured accurately in these experiments. although the effect of increased
formation time on plasma uniformity was investigated and is discussed in Ch. 4.
Plasma density, composition, and temperature measurements are desirabie in that
they provide information on the underiying physics of cathode plasma behavior.
For example. these properties determine growth rates of instabilities that can in-
crease plasma expansion velocity and plasma nonuniformities. Also. measurement

of these properties improves the data base for theoretical modeling of the plasma.

Whiie diode plasmas have been observed for over a decade. no attempt has
been made untii now at either a relatively complete characterization of the piasma

or a determination of the effect of variations of the experimental parameters on

the plasma properties.
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: The experiments described here have both practical and physics related goals.
- It is of immediate importance to determine the influence of various specific pa- _
= rameters that can be varied in practice, such as the electric field rise time or the - _.__1
- cathode surface preparation, on the plasma properties. In particular, there ex- > o
‘ ists a large body of (generally unpublished) folklore concerning cathode surface _.t_-'.f
preparation which will now be evaluated. As an example of the importance of e
such an evaluation, the Sandia PBFA II ion beam generator, which wiil hopefully < :‘“
be used to achieve pellet ignition and is now in the design phase, will include *
large aluminum MITL’s. According to the present folklore aluminum emits bet-
ter when coated with a commerciaily available graphite coating. However, the
R non-permanent nature of this coating coupled with the increased outgassing from < :
,:;_:: coated surfaces would necessitate major (and expensive) design changes if the coat-
\ ing is to be used. Hence, it is necessary to determine precisely how beneficial (if
at all) this coating is. ) e __
- Beyond this, determination of the plasma properties, and their dependence =
Z::Ef on the diode parameters, will provide insight into the fundamental physics of the
cathode plasma formation and subsequent dynamics. From knowledge of this
fundamensial physics, it is possible to assess limits on the performance of explosive ¢ :
emission cathodes. The macroscopic nature of the experimental investigation
places limits. however, on the information which can be obtained concerning the ;:E.;
basic physics. which (as discussed in Ch. 2) is to some degree dominated by very .-
small. high density plasma regions near the cathode surface. < o
1.2.2. Experimental Description ‘_
This thesis describes studies of plasmas formed on the cathodes of parallel :
y plate diodes pulsed by a Sandia Nereus accelerator. A schematic of the experi- > -
., mental arrangement is shown in Fig. 1.1. The experiment had an extensive diag- :
'4 nostic arrangement which allowed eiectron density measurements with a two frame
interferometer. time integrated spectroscopy with a 0.5 M spectrograph. time re- . e
5 solved spectroscopy with 0.3 M and 0.1 M monochromators, single frame framing *
photography. and time resolved measurement of the total light 1o be made on a :\
single shot. Framing photography was used to diagnose the plasma uniformity: -\
o 16 o
<, o,
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Fig. 1.1: A schematic of the experimental arrangement.
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the spectroscopic diagnostics provided information on the plasma composition.
ion density. electron temperature. and the expansion of specific ionic species. In

addition, a powerful dosimetric diagnostic which measured the electron beam uni-

formity and emittance was used on some shots, as was an x-ray pinhole camera.

The principal diagnostics are summarized in ‘Table 1.1.

P .

The cathode plasma was characterized as a function of the cathode charac-

)
’
-

teristics and electrical parameters. Cathodes of graphite, aluminum, brass and -

.
.

stainless steel were used: the effect of surface roughness was examined; surface

‘. .
b

coatings of graphite and (silicone and hydrocarbon) oil were used; the current
density was varied over a factor of ten: the electric field risetime was varied over a
factor of four; the effects of glow discharge cleaning and in situ heating to >700°C

were also examined. ) : :,-l
e
Photographs of the experimental set-up are shown in Figs. 1.2-1.4.

The results of this study are also relevant to phenomena other than field
induced cathode plasma formation. Although anode plasma formation was not
treated directly, many aspects of the physics involved may be similar to that for
cathode plasmas. Also. it is often desirable to use active electrode plasma sources.
for example by using laser induced plasmas or external electrodes. in order to

decoupie piasma formation from the primary electric field and again. the physics

involved will have aspects in common with that for field produced plasmas.

1.3. Thesis Outline

The outline of this thesis is as follows: Chapter 2 consists of a review of

previous work relevant to cathode plasma formation. inciuding a discussion of

‘|

the results of previous studies of cathode plasma microphyvsics. The accelerator. -

diode. and electrical monitors are described in chapter 3.

Chapters 4--6 describe (more or less) direct measurements of the plasma uni- el
formity and expansion velocitv. Framing camera and dosimetrv measurements °

of plasma uniformity are presented in chapter 4. Surface analvtic studies of the e

cathodes. both before and after shots. which aid in interpretation of the results of

Ch. 4. are described in chapter 5. Chapter 6 consists of the analysis of the current ‘:'.‘.'»
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Table 1.1

Cathode Plasma Diagnostics

Diagnostic Plasma Property Measured
Framing photography Uniformity

Dosimetry Uniformity

Electrif:al monitors Expansion

Interferometry Electron Density

Time integrated spectroscopy Composition

Time resolved spectroscopy Composition

Expansion of different species
Electron temperature

lon density
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Fig. 1.2: Photograph of the experimental set-up, with the accelerator at left and
interferometer exit optics (see Ch. 7) in foreground.
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Fig. 1.3: Photograph of the experimental set-up. with the.%;rferometer‘ entrance
optics (see Ch. 7) in foreground and 0.3 M monochromator system at center right.
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Fig. 1.4: Photograph of the expc;imemal w.-.up. with the diode vacuum can (see

Ch. 3) in center, surrounded by the interferometer optics. and laser at upper left
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and voltage waveforms as a function of the experimental parameters, where the
rate of change of the diode perveance (//V 3/2) is used to infer the characteristics
of plasma motion. In these chapters, particular attention is given to evaluation
of cathode surface preparation folklore.

Chapters 7-9 describe measurements of the ‘bulk’ plasma properties: inter-
ferometric measurements of the electron density in chapter 7; qualitative spec-
troscopy, which identifies the constituents of the cathode plasma and measured
minimum expansion velocities of these constituents, in chapter 8; quantitative
spectroscopy, which gives estimates of the relative concentrations of different

species in the cathode plasma and of the electron temperature, in chapter 9.

In chapter 10, a rough global model of the cathode plasma is presented, based
on the results of Chs. 7-9, and simple calculations of plasma-surface interaction

and thermal processes in the plasma are given.

Conclusions are given in chapter 11. These conclusions are discussed in regard
to five cases of particular future relevance: short puise diodes, long puise, low
current diodes, repetitively pulsed diodes, inductively driven diodes, and MITL’s.

1.4. Note on Units

Unless otherwise noted. all equations are in cgs-Gaussian units with the ex-

ception of temperatures. which are given in electron volts.
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Chapter 2

Review of Previous Work

2.1. Introduction

When an electric field is applied across the gap between two conductors in
vacuum. a current of electrons is drawn from local regions on the cathode. This
current is observed to flow at electric field strengths 100-1000 times smaller than
is consistent with the basic theories of field and Schottky enhanced thermionic
emission. For sufficiently high field strengths, this so called field emission current
heats the cathode in these localized regions, vaporizing and ionizing material from
the cathode, resulting in the formation of local plasma flares. These plasma flares
have surfaces of essentially zero work function from which macroscopic currents
may be drawn. In time, more and more regions of the cathode are ‘turned on’
until the plasma surface covers the entire cathode. At this point, the current
drawn from the cathode is generally described by space charge limited flow from

the entire cathode area.

With further passage of time, the plasma surface expands toward the anode,
reducing the space charge limited impedance of the gap until the gap is completely
shorted by the plasma. In typical intense beam diodes with electric fields of
~1 MV cm. initial turn-on occurs in a few ns, complete plasma formation requires

5-20 ns and the plasma expands with velocities of ~2-3 cm us.

The terminology used here is described in Sec. 2.1.1. Sec. 2.2 consists of a

brief historical overview. followed by a summary of previous work.

Previous experiments have furnished information concerning both the macro-
scopic plasma properties (such as the density or expansion velocity), with which
the results of this present work may be directly compared. and the fundamental
microphysics of plasma formation. While the microprocesses were not observed
directly in this work. the findings presented here will give some insight into these

microprocesses.




The current knowledge regarding cathode microprocesses is reviewed in
Secs. 2.3-2.5. Sec. 2.3 deals with the physics of the initial breakdown and Sec. 2.4
is concerned with the subsequent plasma flare. Interactions between the plasma
flare and the cathode surface leading to the formation of new sites are discussed
in Sec. 2.5. Previous microscopic observations are summarized in Sec. 2.6. Pre-
vious observations of macroscopic properties will be reviewed in the appropriate
experimental sections.

2.1.1. Terminology

As the terminology used by different investigators is not entirely consistent,
that used here will now be defined. The formation of emission sites (i.e., plasma
flares) capable of supplying space charge limited currents will be referred to as
the instsal dreakdoun or turming on of the cathode surface. Field emsssion will

be used only in reference to the predreakdown current, drawn by the action of an

imposed field, that flows prior to breakdown. The micron sized cathodes used in

early breakdown experiments, that were of the same size as the typical dimensions
of an emission site, will be referred to as single emstters. Many experiments have
involved cathodes of 10-500 micron size that are much smaller than those in diodes
but still large compared to the typical dimensions of an emission site, and these
will be referred to as needle cathodes. The term broad area cathodes will be used

to refer to the ~cm? area cathodes in typical intense beam diodes.

2.2. Historical Overview

Vacuum breakdown has been studied at least since the 1920’s.%"' In the early
experiments (as well as many to this day). breakdown was studied on a sufficiently
long timescale that the sequence of initial plasma formation. plasma expansion.
and gap closure was regarded as a single instantaneous event. One motivation for
such studies was the developement of high voltage devices. such as x-ray tubes.

for which vacuum breakdown was a fault mode to be avoided if possible.

Other studies (also carried out since the early part of the century?!) con-

cerned the short circuit phase following breakdown. namely. the so-called vacuum
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or metal vapor arc. These arcs, often produced by separating two current car-
rying contacts in vacuum, have been investigated primarily in connection with

the development of devices for commercial electric power, such as high current

vacuum interrupters. They have been subject to extensive experimental investi-
gation, generally on timescules ranging from microseconds to DC and at current

densities ranging from 100-1000 A/cm?. Good reviews of vacuum arc phenomena :z:‘-.;'.-'f

are given by Lyubimov and Rakhovshii,32 Lafferty,® and Boxman et al.3* -l
9
Dyke and co-workers were the first to investigate vacuum breakdown under I‘ K
puised (us) voltages and controlled conditions in the 1950’s, with studies of single T :
crystal emitters.3%:36:37 Alpert and co-workers®® extended the results of those
experiments to the breakdown of broad area electrodes. < ®__
Sources of high current, high voltage particle beams rely on the intermedi-
ate phase of vacuum breakdown, between initial plasma formation and gap clo- -
sure: the cathode plasma is needed to supply the high current densities and the c -'-—*

gap must remain open in order to suppbrt the high applied voltages. Thus, the
development of these sources required the technology capable of switching and

transmitting high power densities on nanosecond timescales (with more severe in- A
sulation requirements since the short timescales required lower inductances and
hence more compact geometries) as weil as the means of making measurements
on these timescales. Much of the early work in this so-called pulsed power field
took place at the Atomic Weapons Research Estabiishment in the United King-
dom under Martin3® in the 1960’s. The most significant contribution of Martin’s
group was the development of pulse forming line technology which compressed the
microsecond pulse lengths supplied by high voitage pulse generators. such as Marx
banks. to the timescale of tens of nanoseconds required for proper operation of

intense beamn diodes.

The first experimental investigation of intense relativistic electron beams was

reported by Graybill and Nabio! in 1966 and intense beam experiments were
soon carried out in many places. The.intense emission from the cathode which

ocurred under the action of an applied electric field was attributed to field emission
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processes — the significance of the plasma layer was apparently not immediately

appreciated.

The processes of plasma formation and intense electron emission were clarified
in an extensive set of experiments in the Soviet Union from the mid 1960’s to
the present, at Lenningrad State University under Fursei and at the Institute of
High Current Electronics (formerly the Institute of Atmospheric Optics) at Tomsk
under Mesyats. These experiments for the most part involved small (~100 um)
cathodes at high current densities. The Tomsk group has authored several useful

review papers.4¢:41.42

In the early 1970’s, Parker and coworkers 4? at the Air Force Weapons Labo-
ratory studied the electrical behavior of broad area diodes and concluded that this
was consistent with the results of Mesyats’ group and with previous microscopic
vacuum breakdown studies. They affirmed the central role of the cathode plasma
in affecting the diode properties.

Since then there have been a limited number of studies of broad area diode
plasmas, principally at Sandia National Laboratories. The work described in this

thesis represents an extension of these studies.
2.2.1. Summary of Previous Work

Electrode plasma studies to date may be loosely grouped into three categories.
The first consists of studies of plasmas on single emitter and needle cathodes. In
these experiments the small cathode sizes permitted detailed microscopic measure-
ments not possible with broad area cathodes. but the possible lack of relevance of
these results to broad area cathodes must be kept in mind. The second category
consists of the vacuum arc studies. In this case the dimensions are comparable
to those of broad area diodes. and the long time scales and low voltages facilitate
plasma measurements (for example. as the vacuum arc voltage is roughly equal
to the cathode plasma potential drop. this quantity can be me.asured directly in

a vacuum arc). However. the long timescale also causes fundamental differences

between the operational regimes of arcs and diodes. as will be discussed. Finally,

.
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measurements of plasmas in diodes are of the most relevance, but these measure-
ments are the most difficult to make and as stated above, relatively few studies

have been performed.

2.3. Initial Breakdown

Initial breakdown has been the most widely studied aspect of electrode plasma -
phenomena, and reviews are given by Mesyats.** Farrall,*® and Noer,*® as well as = S
in Refs. 40—-42. Until recently, breakdown was thought to proceed via the so-called

“whisker model”, where turn-on originates at the sites of metallic microprotrusions

on the cathode surface. In recent years, however, an increasing body of evidence
has suggested that there is a nonmetallic nature to this breakdown. The whisker < :
model will be discussed first. _—
A typical plot of the potential energy of an electron as a function of distance ‘-
from a metal-vacuum boundary, in the absence of an applied field, is shown in c —
Fig. 2.1 a. For an electron to leave the metal, an energy equal to the work function .",
must be supplied to it. This can be accomplished by heating the metal so that ‘_1
an appreciable fraction of the conduction electrons have such energies, giving rise :\t'
to thermionic emission. The imposition of an electric field alters the potential e :
barrier as shown in Fig. 2.1 b. One effect of the field is to lower the barrier -
height. leading to enhanced emission (the Schottky effect*’). More important, :
the barrier now has a finite width so that electrons may tunnel through. This __ -
quantum mechanical effect. which is to first order independent of temperature, is © _—
described by the Fowler-Nordheim (FN) equation*® \

_ W E? L 1Ta%2,
J=15-10"3=—="""1 oY E (2.1)

where j is the emitted current density in A cm=®. E is the electric field in V em.

o is the work function. and v and t are slowly varving functions of E!'2. @ which s

SN,
are close to unity. In reality. the emission is caused by a mixture of field and <
thermionic effects. particularly inasmuch as the high field emission currents cause

strong resistive heating. Murphy and Good have given a unified treatment of the

,gi emission process. obtaining a general expression for so-called thermo-field emission e
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* Fig. 2.1: Plot of the potential energy of an electron as a function of distance
from a metal-vacuum boundary (o is the work function).
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as a function of field strength and temperature.*® In order to obtain substantial
currents at room temperature, electric fields exceeding 107 V/cm are required, "
and the emitted current increases rapidly with the applied field. ’ . u__“
The first vacuum breakdown experiments under controlled conditions with ,";';ﬁ_-.
clean surfaces and relatively short pulse lengths (~1 us) were performed in the o
1950’s by Dyke and coworkers.35—37 They studied the breakdown of the gap be-
tween a microscopic point cathode and a planar anode. They found that currents Y :“
drawn from the cathode could be described well by the temperature corrected FN :Z.
equation, and that at current densities on the order of 102 A/cm? a breakdown
of the gap ocurred. Breakdown was attributed to a regenerative thermal instabil- ;_
ity caused by the increase of thermo-field emission due to resistive heating of the ¢ ~er
emitter, leading to increased heating, and so on. Space charge effects would tend :
to limit the current, and it was concluded that vaporization and ionization of the ":;
emitter material led to a partial neutralization of this space charge, permitting c L
the instability to grow. ""'
Charbonier et al.5%%! pointed out that stable field emission at electric fields .
below the critical breakdown field could be explained by the Nottingham effect.5? "
This effect arises because as electrons leave the metal they are replaced by electrons © :
from the metal interior which ‘travel” at the Fermi energy. Depending on whether \
the average energy of the emitted electrons is greater or less than this, there is
either a net heating or cooling effect. Initially with a colfi cathode heating occurs, ‘ .M.
but above the so-called inversion temperature. the Nottingham effect tends to cool =

the emitter. At this point there is a competition between resistive heating ( j2)
and Nottingham cooling (x j) so that the emitter will either remain stable or

continue to heat. depending on ; (and hence on E).

Further studies of small emitter breakdown were carried out by Fursei and
coworkers in the early 1960's.32-34 Based on their experiments it was concluded NN

that space charge neutralization could not explain the rapid breakdown. Rather.

it was concluded that emitter destruction was of an explosive nature, analagous -
N
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to the explosion of wires. In this explosion, there was a virtually instantaneous

formation of a cloud of dense, highly ionized plasma.

Mesyats’ group refined the model of Fursei, which they dubbed “explosive
emission”. In Ref. 85, the temporal behavior of breakdown was studied under
nanosecond pulsed conditions, with typical behavior as that shown in Fig. 2.2.
Initially, a level field emission current was observed (stage I), followed after some
delay by explosive destruction of the emitter with a rapid rise in current (stage II).
After this, the current rose slowly (stage III), which was attributed to a decrease in
the (space charge limited) impedance due to plasma expansion, followed by a rapid
current increase once the gap shorted (stage IV). The time required for breakdown
4 was related to the plateau current, j, by j3r; = const. As j strongly depended
on the electric field, so did the breakdown time. An increase in the field from just
above the critical field for DC breakdown to twice that resuited in a decrease in

the breakdown time to a few nanoseconds. _

These resuits were explained theoretically by Litvinov et al., where the heating
of an emitter was calculated for the time dependent case, including the Nottingham
effect and the dependence of resistivity on temperature.’® They calculated that

- c »
j*ra=~t (2.2)
Pa
where ¢, and po are the heat capacity and temperature coefficient of resistivity

and «v is a factor of order unity that depends on the emitter geometry.

An interesting point mentioned-in Ref. 40 is that the current raises the emitter
electron temperature while the lattice temperature is raised by the electron-lattice
interaction. Thus. for sufficiently short puise lengths (10~ '°-10~!! sec) it should

be possible to draw 10!"'-10!! A cm?* without emitter destruction.

In another interesting experiment.?” Litvinov et al. studied the breakdown
of a superconducting cathode. for which resistive heating should be absent. It
was found that while the breakdown voltage did not increase, (which could be at-
tributed to Nottingham heating), the breakdown delay time increased significantly

when the cathode was in the superconducting state.
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Fig. 2.2: Stages in current growth observed by Mesyats' group (from Ref. 35):
(I} field emission: (I1) breakdown: (I1I) expanding plasma: (IV) gap closure.




The breakdown of semiconducting emitters made of silicon and germanium
P was examined by Zhukov et al.5® In contrast to the metallic case, breakdown
was thought to initiate with an avalanche-type breakdown of the semiconductor
leading to intense carrier generation, after which field emiission occured leading
to thermal explosion as in the case of a metal. The initial carrier generation
P was attributed to field induced tunelling from the metal into the semiconductor.
Breakdown reproducibility was observed to be greater than for metallic emitters.
Liquid gallium emitters were studied in Ref. 59, where the turn-on was observed
L to be more reproducible, and require less deiay, than with tungsten emitters.

Further theoretical investigations into explosive emission were carried out
by Martynyuk,%° who compared emitter destruction to exploding wires as exam-
# ples of nonstationary phase explosion of superheated metal, and by Dmitriev and
Sinkevich,®! who considered thermoelastic whisker destruction.

3.4. Extension to Broad Area Diodes

When broad area cathodes are subjected to a sufficiently high electric field,
prebreakdown current and breakdown are observed to occur. just as in the case of
a single emitter. However, these phenomena occur at electric fields about 10-1000
times lower than those in the experiments of Dvke et al. Alpert et al. extended
the resulits of Dyke to planar electrodes by assuming that breakdown initiated at
“whiskers™ — local regions of high field enhancement (denoted by the coefficient

B).3B

There are several facts to support this. A series of experiments. described in
Ref. 46, have shown that prebreakdown currents and breakdown originate from
discrete sites. Electron microscopic observations. such as those by Little and
Whitney.%? have shown the existence of micron sized whiskers on the cathode.

and these are often correlated with emission site locations.

A powerful technique used in breakdown studies involves measuring the voit-
age dependence of the prebreakdown current. From these I-V curves. called FN
plots. three things may be determined — whether the functionai dependence fits

the FN equation. what the field enhancement factor. 3 would have to be. and
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what the emission site area is. A series of experiments. also described in Ref. 46,
have shown that prebreakdown currents from broad area electrodes exhibit FN
behavior, with calculated 3’ s of 10-1000 and emission areas of 10~10- 10—!4
cm?2. In addition, Boyle et al. showed that the measured beta decreases at small
gap lengths, approaching unity at distances comparable to the theoretical whisker
dimensions, as would be expected from the whisker model.%3

3

h - Several relatively recent experiments have cast doubt on this model, however.
N A variety of site-tagging techniques (again, reviewed in Ref. 46) have been em-
'.:'-; ployed to locate and characterize emission sites, during both the prebreakdown
. current phase and breakdown. These have shown that while the sites exhibit FN
behavior, there are often no whiskers present with the necessary field enhancement

and/or area. Instead, emission sites are often observed to be associated with the

locations of non or semiconducting inclusions, surface impurity concentrations, or

pits. scratches, and grain boundaries (which are themselves known to be favored

sites of impurity concentration).

Hurley and coworkers 54 found that when DC or microsecond pulsed fields were
applied to a cathode. small points of prebreakdown light appeared in the vicinity of

emission sites, and it was conciuded that this light was electroluminescence from

semiconducting inclusions. Latham and coworkers 55 measured the energy spectra

of prebreakdown emission electrons. From their measurements, it was concluded

that this emission was of a nonmetallic nature.

In two experiments.56-7 5-50 micron sized nonconducting inclusions were

intentionally added to cathodes and breakdown voltages were observed to be lower,

with breakdown originating from metal-insulator boundaries.

Finaliv. in perhaps the most relevant experiment to nanosecond breakdown.

Achtert et al. compared breakdown of small needle cathodes under nanosecond

puised conditions in both clean and dirty vacuum systems."® In the former case,

the surfaces were shown by surface analytic techniques to be free of all but a sin-

gle monolayer of chemisorbed hydrogen. It was found thai breakdown with clean
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cathodes occured at voitages about three times greater, and with less reproducibil-
ity, than with contaminated (i.e., standard) cathodes.

There have been several theories proposed to explain the effect of impurities on
breakdown, as shown in Fig. 2.3. The absence of surface features with sufficient §’s
can be explained by the existence of further field enhancement by submicroscopic
subtips, with sizes of a few hundered Angstroms, as seen by Mesyats.®® However,
emission from such small tips would be inconsistent with the area measurements
obtained from FN pilots.

Farrall suggests that breakdown is caused by field enhancement at impurity
metal juctions®? (Fig. 2.3 a). Zhelzhnikov has proposed a method where the im-
purities spontaneously acquire a surface charge, presumably by field emission, and
that this charge leads to an internal field causing increased emission of electrons
from the metal into the inclusion, leading to avalanche breakdown 7 (Fig. 2.3 b).
Hurley has proposed a model where the electric field causes small filaments to be
switched on in the dielectric®* (Fig. 2.3 c). These filaments are small conducting
channels which then resembie whiskers embedded in the dielectric and so break-
down can then occur due to a thermal destruction mechanism analagous to that
with metallic whiskers. Latham has proposed a model involving band bending®®
— initially the inclusion is nonconducting, and the imposition of an electric field
causes a transition to a state like that shown in Fig. 2.3 d, where emission can
occur by tunneling both into the impurity from the metal] and from the impurity
into vacuum. In this case breakdown can also be caused by a thermal destructive
mechanism. It is not clear, however, how this model can explain the dependence
of J on gap length. as observed by in Ref. 63.

The latter three theories all involve the breakdown of non or semiconducting
particles. reminiscent of the previousiv mentioned semiconductor emitter studies
of Zhukov et al.

Another possibility involves the desorption of adsorbed gasses by the applied
field. This can occur because in the neighborhood of a protrusion, the field has a
large gradient which can act on the dipole moment of an adsorbed molecule and

pull it from the surface. In this way a field with sufficient intensity can give rise
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Fig. 2.3: Proposed mechanisms of impurity-enhanced breakdown: (a) field en-

iy hancement at the impurity-metal junction; (b) seif-charging of the impurity: (c)

- electroformed filament: (d) band bending transition.
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to a dense layer of gas on the cathode surface. This gas can be ionized by the
prebreakdown current, partially compensating the field emission space charge and
allowing an increase in current and subsequent breakdown. Originally proposed
by Tarasova,”! this was analyzed in Refs. 72 and 42. Both authors concluded that
this effect could cause an effective field enhancement of about a factor of three,
similar to the effect found by Achtert et al.

In evaluating these alternate possibilities, there are several points to consider.
First. most of the detailed prebreakdown current measurements were carried out
on a DC, or at best microsecond, timescale. It is questionable whether the solid
state switching mechanisms proposed by Latham and Hurley can explain the sub-
nanosecond breakdown times observed by Mesyats’ group. (Switching times for
these mechanisms are discussed in Refs. 73-75).

Also, these experiments were con;:erned only with the most strongly emitting
sites, of which there were only a few per cm?2, whereas the rapid plasma formation
observed in puised broad area diodes requires the simultaneous formation of at
least several hundered sites/cm2.

Finally, all of the above measurements may not be concerned with the same
phenomena. The inclusions examined in Refs. 65 and 66 are 1-2 orders of mag-
nitude larger than the submicron inclusions examined by Latham et al. and their
effect may well be due to an entirely different mechanism than that of the smaller

inclusions.

In conclusion, surface impurities, whether they be 10u inclusions, submicron
concentrations, or adsorbed films, are associated with enhanced breakdown. The
exact mechanism is not vet known. none of the theories so far proposed can ex-
plain all of the data. and ihdeed it seems likely that different mechanisms may be

involved with different types of impurites.

However. because of the observed FN plots. it can be said that phkenomeno-
logically breakdown may he considered to initiate from localized whiskers with 3's

of 100-1000. whether of not such whiskers actually exist.
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If the correct microphysics of breakdown is ever known, there is the attrac-
tive possibility of producing a surface that either exhibits improved hold-off, or
that turns on quicker, and at lower voltages, either of which would be extremely

beneficial.

2.5. Cathode Flare Phenomena

2.5.1. Sheath Electric Field

In order to maintain current continuity, the electron current emitted by the
plasma flare (toward the anode) must be balanced by a current flow from the
cathode into the plasma. Since the plasma cloud will shield the surface from the
applied field, Fursei suggested that charge transfer from the cathode to the plasma
is maintained by the action of the sheath field at the cathode-plasma interface. %4

Plasma adjacent to a surface is generally at a different potential than the
snrfage; the two are separated by a thin, electron rich, electrically non-neutral

sheath region with an associated electric field. The field at the cathode surface

will be calculated. The geometry is indicated in Fig. 2.4. The plasma is assumed.

to be at positive potential V. with respect to the cathode. In the general case
there will be current j. of electrons emitted from the cathode and a thermal ion
current j; from the plasma. Both the electrons and ions are assumed to have initial
velocities which are small compared to the sheath drop. In addition, there will
be a thermal electron current ), from the plasma. with a Maxwellian distribution
of initial velocities. Integration of the Poisson equation (assuming a collisionless
sheath. Boltzmann electron distribution. and vanishing electric field at the plasma
boundary) results in an equation for the electric field £ at the cathode surface. in

terms of J.. j;. and the electron temperature T

" mV’, M _ v
2= r—f (=g - - et 3
E 161r\l % (\/ ~ Je) - 87nT(1 - ¢ } (2.2)

where M. m. and n refer to the ion mass. eleciron mass and plasma electron

density at the sheath edge. respectively.
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Fig. 2.4: Geometry of the cathode:cathode plasma sheath region.
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If the sheath drop is large compared to the electron temperature, then the

48 0% 0,

electron thermal current may be neglected. In this case the equation reduces to

s ‘s

the Mackeown equation?¢

°

" M. .

: E? =16 x 10°VVe(\/ =i - ic) (2.4)

. where now the units are V/cm, V, and A/cm?. .
o,

If there is no cathode current then this is just the Child-Langmmir equation

for ion flow. If the ion current is determined by a condition analagous to the

Bohm criterion”” oS
Ji = 0.5ney/ %;— (2.5) o, .

- then the cathode electric field E (in V/cm) and sheath thickness L (in cm) are

" given by
. E = 1.6 x 10~3n!/3(T,V,)!/4 (2.6a) 2 *—-—
f_: | L =830n"-Y/2T~-1/4y3/4 (2.66) T
where the units for n. T, and V. are cm~2, eV, and V. " —--
As mentioned before. local fields exceeding 107 V/cm are necessary for intense

field emission. In the case of vacuum breakdown, field enhancement reduces this

requirement by a factor of 100-1000. However. if the sheath thickness is on the

order of a micron or less. then the field enhancement drops to unity,%? and the full et e

. field is required. For a sheath drop of tens of volts and electron temperature of a «

few eV. a density of about 103" is required for intense field emission. (The authors A _ *_:
; of Ref. 42 state that in the region of such high density. immediately adjacent to 5 '::3-%.-'7

the emission site. the interface actually has an ohmic character. Also. the very

4 high local current densities will cause significant heating of the surface and can o
3 . . . . :."-c
. lead to thermionic emission.)

The point of this is that in order to draw current from the cathode. a high gl B

plasma density is required, such as exists immediateiy adjacent to the emission

site. This means that current will flow into the plasma in localized regions.
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2.5.2. Erosion Measurements

One of the primary toois used to investigate the physics of the cathode flare
region has been electron microscopy of the cathode after breakdown. In Refs. 78~
81, the Tomsk group investigated the erosion, of micron-sized tips, that occured
as a result of explosive emission pulses of durations ranging from 5~100 ns. From
these measurements. the velocity of the destruction of the emitter was inferred to
be about 10 cm/sec, implying that the destruction was indeed of an explosive
nature. Based on the comparison of measured erosion quantities with those pre-
dicted by theory led to the conclusion that for the first few tens of ns, all of the
current passed through a narrow region at the end of the tip with a current density
exceeding 10%/cm?3. For longer pulses, the rate of erosion dropped by an order of
magnitude and this was attributed to the explosion of microscopic subtips under
the piasma cloud on the sides of the original tip, resulting in an increased area
of current transfer and hence reduced current density. Examination of the effect
of muitiple (short) pulses on erosion of tips showed that after a certain number
of pulses, the erosion also dropped an order of magnitude, which was attributed
to blunting of the tip and.the formation of subtips. This occured when the tip

radius was on the order of ten microns.

Similar resuits were reported by Fursei and coworkers, 32:33.84 who studied the
erosion of micron sized tips in the stages of current growth indicated in Fig. 2.2
bv using short voltage puises. Most of the erosion was found to occur during the
explosion of the tip (stage II). They also distinguished between the explosion of
a single tip from the explosion of subtips on a large point. which. as above, was

associated with lower erosion.

Microscopic examinations of graphite tips after breakdown inferred the ex-
istence of liquid graphite;3% from this it was concluded that the pressure in the

emission zone exceeds 10!" dynes,cm?.

A picture of the field emission process emerged from these resuits. Initially
a whisker explodes and forms an emission site. and current is drawn into the
plasma by the sheath field. This field aiso causes subtips to explode under the

plasm%u&. The intense heating causes the surface to liq.uif.v and the plasma
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pressure acting on the liquid surface results in the formation of a micron sized
crater. As the crater expands, (for a fixed current) the current density decreases
h and the loss mechanisms of conduction, convection, and radiation result in cooling.

Meanwhile, the pressure has forced liquid up into ridges and droplets on the crater
_ periphery, which can freeze into structures with high field enhancement (especially
= if the extended droplets break off, leaving sharp points). As the original emission
E ‘ site dies out, a new site can form at the edge of the old one. The period of this

cycle is on the order of tens of ns.

N The formation of new tips at the crater rim can explain why repeated pulses
k do not change the (average) breakdown characteristics of a surface. Whisker
} rejuvenation during a pulse has in fact been observed.3¢

3

S

If the voltage pulse is sufficiently short, then there will not be enough time

for new tips to form and a polished surface may be produced. The dividing line
 ns.37:88

between surface roughening and polishing is on the order of a few

Jittner and coworkers at the Central Institute of Electron Physics in Berlin
have also carried out extensive studies of cathode erosion, confirming this picture

of tip destruction, crater formation, and tip formation at the crater rim (Refs. 89—

90 and references therein).
2.5.3. Cathode Spots in Vacuum Arcs

Since a high plasma density is required for current transfer out of the cathode. < atd
it can be assumed that this tranfer takes place at localized regions. This has long
been known to be the case in vacuum arcs. where the cathode surface is seen to

be covered with a number of discrete points of light. called cathode spots. These :\~

micron sized spols are centers of high plasma and energy density. and this high - »'__

energy density facilitates charge transfer. They are associated with erosion of the N ~

cathode and so it is assurned that they are also centers of transfer of material from \i

the cathode into the plasma. “‘

It has been observed that two different types of cathode spots exist — the . By

so-called type 1 and type Il spots. In the initial operation of a vacuum arc. all of '_Z::j'.‘_:

the spots are of the first type. These are characterized by relatively rapid (~104 . )

- —

12 o

s e At L, A e e e N L I T S "'-:'I~:'I§§1:§'Z-:'CCI*:§~::;C:;{‘Z-lj-i':-l"s:‘::::




cm/s) motion across the cathode surface, and relatively low erosion. With time,
these spots are replaced by spots of the second type, which move more slowly
(~102 cm/s) and are associated with much greater erosion. The properties of the
different spots are reviewed in Ref. 32.

Comparison of vacuum arc erosion studies with those of needle emitters sug-
gests that emission sites in a diode are similar to cathode spots in a vacuum arc.
Henceforth the term cathode spot will be used to refer to both. '

2.5.4. Spot Currents

One of the features of arc spots is that the number of spots is on the average
proportional to the total current, so that each spot carries a fixed average current.
This spot current depends on the cathode material as well as other factors such
as the rate of rise of the current and is ~100 A for type II spots and ~10 A for

type I spots. There-is-s-+vhsashold current below which the spot will die out.

This. fixed spot current is significant in that the spot propertieswillihen be

independent of the (macroscopic) current density.

The existence of a threshold current was also verified in a long pulse diode.®!
A decreasing stepped voltage puise was applied to an 80 um wire cathode. If
the voltage on the second step was below that which would draw about 1 A, the
current would die out. This threshold current was similar to that observed for

arc spots.
2.5.5. New Cathode Spot Formation

If the number of spots is proportional to the current. then as the current rises
new spots must be formed. Since these spots will be formed under the plasma

cloud. it is necessary to examine spot formation under these conditions.

One possibility is that emission sites can form under the plasma cloud in ex-
actly the same way they are formed in vacuum. but with the sheath field replacing
the diode (vacuum) field. However, as mentioned in Sec. 2.5.1. a very high plasma

density is required for sheath drops of tens of voits.

From both total arc voitage measurements and probe measurements. the po-

tential drops in vacuum arcs are known to be about 10-30 V. as reviewed in
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Ref. 32. Floating probe measurements of the potential drop in a diode plasma
have been reported in Refs. 92 and 93. It was concluded that the drop was less
than or on the order of 30 V, that is. similar to that in an arc. The plasma

potential near the spot was seen to remain low even when the current rose rapidly.
These measurements involved small needle cathodes with (presumably) one or a

few spots.

There is another way in which the plasma can cause the formation of new

explosive emission sites if there is a net ionic current to the cathode, as would

be the case when the sheath voltage greatly exceeds the electron temperature.
The ionic current deposited on nonconducting inclusions will build up a surface o
charge causing an internal electric field, which can lead to a bulk breakdown of = 'I,,_,,,,
the inclusion, as indicated in Fig. 2.5 b. If the dielectric is vaporized and ionized, Ry

then the resulting high density puff of plasma can cause field emission, and so
turn on an emission site. This phenomena was originally studied in the context ' -
to arc transition (GAT) and is critically reviewed by Lutz.%¢ To first """"

lel plate capacitors (assuming an even

order the inclusions may be tr
distribution of ionic charge), in which case the internal electri - is determined
solely by the surface charge:

¢ €

E= (2.7)

where ¢ is the dielectric constant of the impurity. Actually. charge leakage places
a minimum on the inclusion size (since leakage will be relatively more important
for small inclusions) and a maximum limit on the size d is given by Eyd < V,,
where E; is the breakdown field. In Ref. 61. it is stated that a calculated internal

field of ~3x10" V' cm is necessary for inclusion breakdown to occur. Combining

Egs. 2.5 and 2.7. and assuming a dielectric constant of 3 results in the relation
between charging time and plasma density:

_ 14107
- n

t (2.8)

Thus. for a plasma density of 10!®. cm* emission site formation by this method
can occur in <1 ns. If the sheath drop is assumed to be about 30 V then in order

for breakdown to occur. the dielectric thickness must be less than 1000 A.
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The formation of new emission centers by the action of plasma was studied
in a series of experiments by the Tomsk group.95:96:97 The general experimental
schematic is shown in Fig. 2.5 a. A constant voltage below that required for break-
down was applied across an anode-cathode gap. Plasma formation was induced
on an external electrode by means of a nearby trigger electrode, and this plasma
then expanded toward the cathode. It was observed that under certain condi-
tions, emission from the cathode occurred when the plasma contacted it. These
measurements were combined with floating probe measurements of the plasma po-
tential and previous measurements of the plasma density. From this work it was
concluded that the charging up and subsequent breakdown of dielectric inclusions
was responsible for the formation of new emission sites at distances greater than
tens of microns from the original site, This was strengthened by observations
that breakdown did not occur if the cathode was clean, and was enhanced if the

cathode was coated with an oxide layer.

2.5.6. Arcs on Clean and Contaminated Surfaces

Jittner’s group carried out extensive investigations of the effects of surface
contamination on arc erosion tracks.5%:39:98 They were able to show that the type
of arc spot was determined by the level of surface contamination. with spots of the

first type occuring on contaminated surfaces. As the contaminations were cleaned

MU
L I N A

off by the arc, spots of the second type were formed. It is important to note that

they found the same results in studies of short (~1-10 ns) puised needle cathodes.

On contaminated surfaces. the erosion pattern consisted of many small (<1
73 3 craters and tree-like patterns of branches about 0.1 um deep. These
branches were preferentially loc -along grain boundaries. which was attributed

to the increased concentrations of impurities there. The erosion patterns on clean

surfaces comsisted of deeper (~10 umj|. overlapping craters with no preference for

grain boundaries.

The above observations give rise to a picture of spot motion under the
plasma.?” This apparent spot motion is actually a sequence of appearences and
disappearences of (different) spots. On a contaminated surface during periods of

increasing current (i.e.. in a diode). the formation of new spots is caused by the
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plasma from-existing spots and so spot propagation occurs at velocities equal to
the plasma expansion veloscity, or about 2 cm/us. Once the number of spots has
reached equilibrium (as in the early stages of an arc), the formation of new spots
will be determined by a random walk type process as old spots die out, and the
apparent velocity of spot motion will be decreased to the 10* cm/sec observed for
type I spots. On a clean surface, new spots can form only by the action of the
sheath field, and as this requires a high plasma density, they may form only in
the immediate vicinity of old spots, as discussed in Ref. 96. This gives rise to a
much lower apparent velocity of ~100 cm/s. In the case of a clean surface, spot
propagation is determined by the crater melting rather than the plasma cloud.

Since spots form more readily on a contaminated surface, there will in general
be more spots and so the average spot current will be less, as is observed.

2.5.7. Spot Plasma Properties

There have been very few measurements of the plasma in the spot region.
In Ref. 32, measurements are presented for a type | spot which suggest that the
density is relatively constant at ~10!7-10!%/cm? from 5-50 um from the spot.
It is also claimed that the electron temperature in a type I spot is a few eV.
Mesyats*" has proposed a hydrodynamic model of plasma expansion from a single

flare:
1 vt-r

1.21rt'-" v3r2

where nr is the total quantity of material. v is the plasma velocity and r is the

ny=n (2.9)

distance from the spot. With a current of 20 A and a velocity of 2x10° cm, us.

this predicts a density of about 4~ 10!7/cm? at 25 um away.
2.5.8. Theoretical Efforts

There have been a number of attempts at a global theoretical description of
cathode plasma microprocesses (see Ref 32 and 99-101). but so far all of these have
been directeti toward tvpe 1] (clean surface) spots. and many involve assumptions
of steady state behavior. so that their relevance to pulsed. contaminated surface
diodes is questionable. An effort is currently being directed toward the develop-
ment of a global model of (broad area. contaminated) cathode ' cathode plasma

microprocesses by Bacon et al.!"'?
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2.6. Summary

This chapter summarizes the current knowledge regarding cathode plasma
microprocesses. The central feature is the cathode spot, a region of high energy
and plasma density (and thus, difficult to study) that facilitates both material
and current transfer from the cathode into the cathode piasma. A key role is
played by cathode surface contaminants. They are believed to enhance vacuum
breakdown. although the exact mechanism(s) is (are}-net-presently known. They
definitely dominate breakdown and spot formation under the plasma cloud (a
distinction should be drawn between vacuum breakdown and breakdown under
the plasma; for example, a thick uniform oxide coating is known to retard vacuum
breakdown. 2 but to enhance breakdown under the pilasma®®).

2.6.1. Relevance to Diodes

Since electrode surfaces in a diode are in general contaminated, and since
most of the vacuum arc studies to date involve long pulses with type II spots, the
validity of these resuits to (broad area) diode plasmas must be questioned. A
similar situation exists with the needle emitter measurements. For example, with
a 50 um cathode and 50 A current, and if it is assumed that one contaminant atom
is removed for every three current electrons (see Ch. 7), then 10!7 contaminant

atoms/cm? will be removed in 3 ns (no re-contamination is to be expected on

these timescales). In other words. the high current densities in these cases will :;‘7_:75-_
rapidly clean the surfaces. é 2]
On the other hand. there are certain appiications. such as repetitively pulsed j:Z:::Z_:]
RS

diodes. where a clean surface would be expected. and for which the results of -:;.73.51
vacuum arc and needle cathode studies are more refevant. e "

In addition 10 its effect on initial breakdown. a contaminated surface is seen
to be advantageous for the following reason. As will be discussed in Ch. 4. once
an emission site has turned on. the electronic space charge drawn towards the

anode will tend to reduce the (vacuum) electric field at locations adjacent to that

P
P SN

site, and so retard neighboring emission site formation. This means that plasma

el
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induced emission site formation will play a role in the formation of a uniform
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plasma layer, and this plasma induced turn-on is seen to be aided (strongly) by

surface contaminants.

In fact, Buttram has observed that the performance of repetitively puised
diodes (where a clean surface would normally be expected) is enhanced by the use
) of oil-impregnated brass cathodes.!%

Finally, it should be pointed out that cathode spots are central to both clean
and contaminated surfaces. so that many of the ideas developed regarding vacuum
arcs and needle cathodes are still relevant to broad area contaminated cathodes,

as will be discussed in later chapters.
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Chapter 3

Nereus Accelerator

The accelerator, diode, and electrical monitors are described in this chapter.

3.1. Accelerator

The Nereus accelerator!?® consists of a Marx bank,!® water dielectric pulse
forming line, self breaking output switch, and diode. A schematic of the oil
insulated Marx bank is shown in Fig. 3.1. The bank consists of twelve 0.25 uF
capacitors arranged in a N=2, plus-minus charged configuration. The copper
sulfate grounding and charging resistors were omitted in the figure for clarity. Six
Physics International!®? T-670 spark gaps, pressured with 8-11 PSI of SFg, are
used to switch the Marx; these are triggered by three cables from a PI TG-70
pulse generator. The first two gaps are triggered by one cable each while the last
four are triggered in parallel from the third cable. A charging voltage of 30 kV
was used throughout this work, giving a stored Marx energy of 1350 J.

The Marx output is connected through an inductor to a 1.9 2 water dielectric
pulse forming line which has a one way transit time of 18 ns. The capacitance of
the line is 8.2 nF, giving a ringing gain? of roughly 1.5 when charged by the 20
nF series capacitance of the Marx. A copper sulfate resistive divider is connected
to the case of the last capacitor and a capacitive voltage monitor was instailed at
the far end of the puise line. Typical Marx and puise line waveforms are shown
in Fig. 3.11. As can be seen, the line takes about 300 ns to charge. Distilled and
then filtered water with a typical resistivity of 0.5-1 MQl-cm (vielding a lumped

line resistance of ~0.5-1 k1) was used in the line.

A self breaking output switch separates the pulse line from the diode as shown
in Fig. 3.2. These switches consist of 3.2 mm thick low density polvethviene disks
which were stabbed repeatedly to a depth of 0.9 mm. These stabs were confined
to a 2.5 cm diameter circle in the center of each disk and there were about 1500
stabs per switch. If the switches were stabbed at larger radii then the bre'akdown

path through the switch would be lengthened. increasing the swit#:nductance
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Fig. 3.1: Nereus Marx and puise forming line. The indicated capacitor charging
polarities are those for positive polarity output.
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Fig. 3.2: The Nereus front end. The prepuise switch shown here was absent for
most shots. Negative polarity operation is shown here — for positive polarity, the
plexiglass rings in the water-vacuum interface were reversed and the cathode was
attached to the other electrode (see Figs. 1.1. 3.3. and 3.4).
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and the rise time of the diode voitage pulse. The switch inductance is quoted in
Ref. 105 as being 11 nH. For a few shots. the switches were purposely stabbed off
center to increase the switch inductance and reduce the rate of rise of the diode
electric field. This rate could be varied by varying the distance from center to -

where the switches were stabbed.

A short (~3 ns) uncharged section of line joins the switch to the diode; as
discussed in chapter 6, this short section has a significant effect on the diode voltage
and current waveforms. In order to reduce the prepuise due to capacitive coupling
across the output switch, a 40-50 Q) shunt consisting of a NaCl solution inside a
nylon rod (see Fig. 3.2) connects the center conductor to ground. The resuiting
prepulse is about 8 kV; this could be reduced further with a nylon prepulse switch
in the diode as mentioned in chapter 6.

The water-vacuum interface consists of a four stage graded axial insulator
stack, with the lucite insulators beveled at 45 degrees to reduce flashover and
coated with silicone pump oil to prevent damage in the event that flashover did
occur. Debris from the anode was deposited on the stack after each shot; when
metallic anodes were used the rings would flash over unless cleaned every 1-3 shots.
but it was found that with a graphite anode 50-100 shots could be taken between
cleaning the rings even though they quickly became coated with an oil-carbon -

sludge.

Occasionally it was necessary to chop the current pulse early in time and this
was easily accomplished by causing the stack to flash over prematurely. either by
inserting objects in between the grading rings or by positioning the lucite rings

with the bevel in the wrong direction.

Besides cleaning the stack and replacing the water every few months. the
onlv machine maintanance consisted of replacing an occasional faulty capacitor or
switch in the Marx. The Marx switches were vented roughiy everv 20-30 shots.
The only probiem encountered with the accelerator was the jitter. which could be
as high as 80 ns. This arose from jitter in the firing of the Marx switches and
jitter in the breakdown of the polyethylene output switch. and caused difficulties

in synchronizing the accelerator with the nitrogen laser.
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3.2. Diode : ' i
The diode used in this work consisted of a parallel plate diode with the cathode

in the shape of a bar. This shape was chosen in order to have a long path

1))

length in one direction to increase the sensitivity of interferometric measurements
and a short path length in the other direction to improve spatial imaging for

spectroscopy. Also, the rectangular shape eliminated the need for Abel inversion

)]

of the measured quantities. A parallel plate feed was used to insure uniformity L
of current flow along the length of the diode: this uniformity was confirmed as
discussed below. The diode is shown in Figs. 3.3 and 3.4.

F The gap in the feed region was set to 1.2 cm to confine plasma formation to e o

the cathode. That the line did not emit significantly was verified by covering the

cathode with 0.08 mm Mylar tape. Occasionally the tape was observed to have

s punched through with <1 mm holes at one or two places; however in these cases
h ' the electrical traces were identical with those in which the tape did not break e
-:;.;: through. The total diode inductance, as determined from short circuit shots, was L
R 60 nH. :
“. Some typical cathodes used are shown in the top half of Fig. 3.5. All cathodes o _._

were 7.5 ¢cm in length. The current density was varied by changing the diode gap

while varying the cathode width simultaneously to keep the same total current.

Side views of the three cathodes used in most of this work are shown in Fig. 3.6.
The cathode widths. diode gaps and peak current densities for these three were: -

9.6 mm. 2.6 mm. 9 kA. cm?2: 6.4 mm. 2.2 mm. 13 kA, cm*: 1.6 mm. 1.7 mm. 39

kA:cm2. The 9.6 and 6.4 mm wide cathodes had radii of 1.6 mm machined along
each edge while the 1.6 mm cathodes had a 1.6 mm diameter circular tip cross
sectiqn. All of the cathodes of a given size were machined to the same dimensions oo
to within 25 um. The 9.6 and 1.6 mm wide cathodes were machined of aluminum
while 6.4 mm wide cathodes of aluminum. brass. stainless steel. Poco graphite!"®
(a dense. fine grained. high purity graphite) and reactor grade graphite (machined

from ordinary scraps of unknown origin) were used.

The diode could be set up for either polarity (polarity in this case refers to

the center conductor of the pulse forming line and the bottom plate in Fig. 3.3: f '-::.-j

e
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Fig. 3.3: The diode used in this experiment. Adjustable backstops positioned
the removable electrodes: finger stock insured good electrical contact.




LA IS 2 lem ol g
,c'-ul',

v e

AR
o
» [)

O -,:’ :: °

Fig. 3.4: Photograph of the diode, showing the parallel plate feed and electrode
hoiders. The set-up here is for positive polarity.
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P Fig. 3.5: (a) Photographs of some typical cathodes. (b) Stainless cathode which
could be heated in situ.
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Fig. 3.6: Side views of the three cathodes most frequently used: (a) 9.6 mm
wide cathode: (b) 6.4 mm wide cathode: (c) 1.6 mm wide cathode.
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P the positive polarity arrangement is shown in Figs. 3.3, 3.4 and 1.1, while that for
negative polarity is shown in Fig. 3.2). Negative polarity operation was necessary

. with the dosimetry diagnostic (Ch. 4) while positive polarity was necessary when
the hot cathode was used (described below). In general, the machine was operated

# in positive polarity. The cathodes (and anodes for positive polarity operation)
were held in a slot against a backstop with finger stock to insure good electrical
contact (see Fig. 3.3). These backstops were positioned to set the gap, and when
set, electrodes could be easily replaced without remeasuring the gap (~30 seconds

b between opening and pumpdown). The anode and cathode faces were set parallel

to within 25 um. R

L The cathodes were cieaned after each shot by sandblasting with 90 grit alu- R
minum oxide. Unfortunately, the only sandbilaster available was in a machine “"""'*

shop and the purity and air pressure were not controlled so that the surface finish
was not necessarily reproducible, as discussed in Ch. 4. The cathodes were either
b left blasted or smoothed with a fine abrasive wheel. In this case, “smooth” meant 4
shiny to the eye — no attempt was made to remove any small pits or scratches.
Following this they were ultrasonically cleaned in methanol for about one hour.
The graphite cathodes were not sandblasted but were rubbed clean with a tissue
after each shot. No special attempts were made to prepare the graphite sur-

P faces. For some shots the cathodes were coated with a spray on graphite coating

(Aerodag G!"). In this case several light coats were applied and the underlying

metal was not visible to the eye before or after the shot. In general, the cathodes

[ 3 were replaced after every shot.

A 6.4 mm wide stainless steel cathode. shown in the bottom half of Fig. 3.3.
that could he heated in situ to over 700°C was aiso used. This cathode was heated
by running up to 3 A through several turns of coaxial heater wire.!!" This wire
F consisted of a resistive inner conductor through which the current was passed. an
insulating refractory material. and a stainless outer jacket which was brazed to

the cathode.
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The anodes consisted of slabs of reactor grade graphite which were heated “:‘i
(once) to ~1000°C to remove any machining oils and then were allowed to equi- ﬁ”ﬂ
librate with the ambient air. They were wiped clean after each shot; after a few R .....-
shots they became appreciably eroded (with pits of depth >25 um) by the electron T oo
beam and were replaced. 1

The vacuum chamber was an aluminum can with several observation ports.
Pressure was maintained below 3x10~4 T with a standard oil diffusion pump and

no effort was made to control the pressure beyond this or to study the effects of

. . ro T T Yy'w M .

varying pressure.

The effect of glow discharge cleaning was examined on a few shots. For e
this, a water cooled copper electrode was inserted in the vacuum chamber and
held at -500 VDC. The chamber was filled with Argon at a pressure of about L
100-200 microns and the discharge was run for about 40 minutes, after which the .
chamber was pumped down to shot pressure. The purpose of this was not to clean bl
the chamber as the few minutes between cleaning and the shot would completely

undo any cleaning action that took place. but rather to see if the discharge in any 2
way affected the cathode surface. A one hundered watt light bulb series resistance
limited the current to 200 mA: with an estimated area of about 2400 cm?, the time < :
integrated surface bombardment was then roughiv 200 mC, cm?.
3.2.1. Diode Field Distribution : J
The field enhancement at the rounded cathode edges was determined with the © :__;
aid of an electrostatic code developed by W. B. Herrmannsfeldt at SLAC. described _}
in Ref. 111. This code. written to calculate electron trajectories in (relatively iow ."h-.i
current. compared to the present case) electron guns. soives the Poisson equation s ‘3
by finite difference equations. Either Dirichlet or Neumann boundary conditions .
may he used. the trajectory equations are fully relativistic. and (electric and Ba)
self field effects are included. The code has an optional Lapiace mode where the
vacuum potential distribution is calculated and which includes in its output the o f
calculated values of the electric field at the boundariesx — this mode was used to -—.—1

determine the field enhancement.
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L The diode was modeled by the geometry in Fig. 3.7. Because of the (vacuum)
symmetry, the cathode centerplane could be replaced by a Neumann boundary.
The model boundary was completed by plane K1 and the lower Neumann bound-
ary (see Fig. 3.4 for comparison) — presumably the enhancement at the cathode
k edge is relatively insensitive to the exact nature of these boundaries. This was
checked by: raising the bottom boundary by 2 mm, which tended to push the
field lines away from the cathode edge; making plane K1 a Neumann boundary,
which tended to pull the field lines closer to the cathode edge; and running the
program with one fewer iteration. In all cases the calculated electric fields at the
cathode edge changed by less than a few percent.

The code output for a 6.4 mm cathode with a 2.2 mm gap is shown in Fig. 3.8.
# The surface electric fields obtained from the code are shown in Fig. 3.9. Below
each plot is a cross-section of the diode with the electrodes shaded. In the top
half of Fig. 3.9, the electric field is shown on portions of the cathode surface facing
L the anode, that is, the anode is above the cathode (out of view) and parallel to the

horizontal axis. The field is seen to be highest at the start of curvature, as would
be expected (compared to that point, points closer to the diode center plane have
less curvature and the same gap. while points around the curve have the same
curvature and a greater gap). The maximum field enhancement factor is 1.3, and
r thus the (macroscopically enhanced) field will be 1.5 MV . cm with a 250 kV diode

voltage.

Of more relevance to this experiment is the plot in the bottom of Fig. 3.9,

W which corresponds to a silhouette view (with the anode along the vertical axis and
shown shaded at the left). as would be observed by the framing camera described
in Ch. 4.

L Similar results for the 1.6 mm cathode with a 1.7 mm gap. and the 9.6 mm

cathode. with a 2.6 mm gap. are shown in Fig. 3.10. In the former case. the
maximum field enhancement is 1.6, giving a field of 2.4 MV . em for 250 kV and in

the latter case the maximum enhancement is 1.3, giving a field of 1.3 kV cm at

F 250 kV. Note that while the field decreases around the curve. it remains finite —

.
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Fig. 3.8: Code output for the 6.4 mm cathode with a 2.2 mm gap.

]

S S S R R .
OGS A




.."'-‘,--'n".':‘a'-';‘.'.""n'“-"'":."." Bk i R Rl e

z.8
F
i
Y
E
N
H1.9 1
»
N
£
“O.S r 1
| £
| Y
'.‘
: '.———-' 1
' +
| Y
. N
0
. o
: €
. 2.9
: [ ]
|
| :
e 1.5 ¢ 1
£
N
HNi.0)p 7
]
' H
’
nO.S g 1
€
Y
.9

l

Fig. 3.9: Field enhancement factor at different locations for the 6.4 mm cathode.
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Fig. 3.10
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in particular for the 1.6 mm cathode it is still ~300 kV/cm at 3 mm back along
the cathode.

3.3. Electrical Monitors

The electrical monitors — an externally integrated B loop for current and a
resistive voltage divider — are shown in Fig. 3.2. The voltage divider consisted
of a nylon tube filled with copper suifate solution, with a resistance of roughly
1 k2. The brass cap at one end was connected to ground by eight parallel carbon
resistors having a combined resistance of 1.2 1 and a pickoff at this cap was
connected to the center pin of a BNC connector which was soldered to the outside

of the machine.

The monitors were both calibrated by feeding the output from a Pulsar
Associates!!? Puispak 10-A puise generator to the Nereus center conductor just
downstream of the output switch (via a switch with copper tape on it). This
pulser supplied a 10 kV output puise into 50 2 with a rise time of 10 ns. The
current monitor was calibrated by shorting the anode and cathode with a 1 cm di-
ameter rod which passed through the center of a calibrated current transformer.!!2
The voltage monitor was calibrated by placing a carbon resistive divider across
the gap. This resistive divider consisted of five 2W carbon resistors in series to
restrict the voltage drop across each resistor to 2 kV. A further check was made
bv connecting a 50 foot length of 51 {1 cable across the gap. which resulted in an
exact 51 ) resistor for 120 ns, and comparing the voltage monitor output with the
measured current. Both of these calibrations agreed. The rise time of the pulses
in these cases was ~20 ns. comparable to that during the shots. The calibra-
tion and monitor signals for both the voltage and current monitors overlaid well
(~3C). The calibrations of both monitors remained essentially constant during

this experiment.

All electrical signals were sent to the screen room via 1/2 in. Cablewave !4
foamflex cables which had the same transit time to within 0.5 ns. These cables (at
the lengths used) had a frequency response better than the 100 MHz oscilliscopes

used.
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MARX MONITOR
100 ns/div

PULSE LINE MONITOR
100 ns/div

CORRECTED VOLTAGE
20 ns/div, 41.5 kV/div

CURRENT
20 ns/div, 14 kA/div

X-RAY PIN
20 ns/div

SHORT CIRCUIT .
CORRECTED VOLTAGE
20 ns/div, 41.5 kV /div

Fig. 3.11: Typical waveforms. AR
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The voltage was inductively corrected in the usual way by subtracting the
LdlI/dt signal at the scope input and determining the proper attenuation by mini-
mizing the corrected voltage on short circuit shots. Typical waveforms are shown

in Fig. 3.11.

That the parallel plate feed caused a uniform current flow along the length
of the cathode was confirmed by shorting the A-K gap, pulsing current through
the line with the Pulspak, and measuring the local magnetic field with a small
moveable magnetic probe as shown in Fig. 3.12. The field strength as a function
of position along the cathode is shown in the figure. The field was uniform on
the inside and very small on the outside of the line, that is, on the bottom edge of
the cathode. It should be noted that there was thus a magnetic field assymetry
between the two cathode edges so that, for instance, plasma on the top edge would
be expanding against the self magnetic field while that on the bottom edge would
(nominally) see no field. This point is discussed further in Ch. 7.

As a further check, the diode was shorted out at a single point as shown in
Fig. 3.12. In this case the field became uniform at a distance back in the line
roughly equal to half the line width, that is. as if the current flowed at 45 degrees.
All discontinuities in the feed, such as slots in the top plate for viewing the plasma,

were designed with this criterion in mind.
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mity: (¢) current flow downstream of perturbation.
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Chapter 4

Uniformity

4.1. Introduction

" The results from two uniformity diagnostics are discussed in this chapter. e -_.4
' . While these diagnostics are not particularly quantitative, they both provide a i
‘quick and dirty’ uniformity measurement which permitted a variety of cathodes - 3
L'[.: to be examined. A single frame framing camera was used to observe the plasma )
F luminosity, and a dosimetric technique was used to obtain information on both %
the electron trajectories and on the electron source brightness uniformity. These B

diagnostics are complimentary in that the former measures plasma uniformity

while the latter measures electron beam uniformity. It will be shown that the
results from each are in agreement, indicating that electron beam nonuniformities
are caused at least in part by plasma nonuniformities.

These two diagnostics are described, along with a review of previous related
work, in Secs. 4.2 and 4.3. The effects of different cathode conditions are examined
in Secs. 4.4-4.11, the time evolution of plasma luminosity is briefly examined in

Sec. 4.12, and conclusions are given in Secs. 4.13 and 4.14.

4.2. Framing Photography

4.2.1. Diagnostic Description

The single shot framing camera system is shown in Fig. 4.1. This camera

was nothing more than a gateable image intensifier (Varo model 53772!!%) coupled 3 PP
to a film back. Light from the cathode plasma was focussed onto the intensi- :Z:l:'.ij
fier photocathode with an achromatic lens. While the tube had an extended red :‘

version of an S-20 photocathode which was sensitive to wavelengths from roughly
2000-8000 A. the glass achromat blocked light below about 3000 A and so this
camera recorded primarily only visible light. The tube consisted of a photocath-
ode. microchannel plate. and phosphor with a fiber optic output window to permit

coupling to a film back.




e

Rhul g

=
It

AT o B N W L o T, v v T v =

vyv

ONIMIIA
P Nl 3
{
'
L}
[y

(NO-ON3I)
VNSYId I00HIVI

(3113N0OHNS)
VNSV 300HAVD

— M3IIA JOL

AT -’

LINJND
ONILVD

Ncw.w.m..u-.z. _

MIIA 301S

Nove Wi —

ANINIONVHEY AHIVUOOLOHd ONINVYJ

Framing camera system.

Fig. 4.1




. L)

Al
R Yo tinte el
FARRUPY ALt

av.eceo
AT RN

S

c obeandy

K

':,;'_ The gating circuit is shown in Fig. 4.2. The tube had an internal power ::-j:fq:

\s supply which furnished all necessary bias voltages except that between the pho- -“

- tocathode and channel plate; the tube was turned on by applying —250 V across o pod
- this gap. A DC reverse bias of +100 V was applied across this gap to turn back .

PP S

leakage electrons and to prevent electrical noise from turning oa the tube. The

gating pulse of —250 V was supplied by an avalanche transistor switched cable

= pulser (through blocking capacitors, as the channel plate floated at —850 V). The 3
o transistors were selected to avalanche at 220~230 V. The relatively short trigger ‘
delay of this circuit permitted it to be triggered from the diode voltage monitor .
~ (or current monitor for negative polarity shots), thus reducing the jitter in the :? '
timing of the camera relative to the shot to ~5 ns. This was important as the < :
light intensity increased rapidly with time and even a slight difference in timing
made a large difference in film exposure. In Fig. 4.3 the gating pulse and relative 3‘
:“ timing are shown. c ____j
- While this tube had a stated gain of about 104, the gain in the pulsed mode o
was only about 100. The tube resolution was about 20 Ip/mm and the focus was
; checked by backlighting the gap with a Xeénon flashlamp synchronized with the
' gating pulse. Polaroid type 665 P/N film was used. © :
The field of view of this camera is shown in Fig. 4.1. Plasma formed on the
front face of the cathode was observed in silhouette while plasma formed on the
cathode upper edge was observed end-on. Since the electric field decreases at ) -*-':'
points further around the curve of the cathode edge (i.e.. downward in the figure),
s the photograph from a single shot gives an idea of turn-on as a function of electric
2y field.

4.2.2. Previous Work — Plasma Luminosity Imaging

Severa| fast electro-optical observations of cathode plasmas have been re-

.- ,. ..l ..l

ported. but generally these invoived streak photography. with the slit positioned

’ across the gap to observe the motion of the electrode plasmas. and these are re- L3
"'. . . . . . . . s
e viewed in Ch. 6. Few two dimensional observations of cathode plasma luminosity .
L LA
o have been made. : BN
l‘.' .-.-.1
5 o
o
':‘; 72 ..
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Bugaev et al..!!'® observed electrode plasmas in a diode consisting of 1 cm
hemispherical electrodes separated by a 0.35 mm gap, with diode parameters of
35 kV, 230 kA, and 30 ns. Framing pictures (of a few ns duration) taken in the
first few ns of the pulse showed isolated regions of luminosity, ~100 um in size, on
the cathode. In later frames, the luminosity expanded out into the gap. At the
time of closure, the luminosity intensity was greatest in the middle of the gap.

Framing photography of a needle cathode is mentioned in Ref. 117; a spherical
luminous region was observed at the cathode tip.

In other experiments, luminosity observations were made by the Tomsk group
with open shutter photography, where time resolution was obtained by using diode
pulse lengths of a few ns.}18:119.120 [ these experiments, which involved cylindri-
cal magnetically insulated diodes, discrete cathode flares were observed. Plasma
was observed flowing from these flares in the j x B direction. In Ref. 120, a flare
was produced, before the puise, at a particular location on the diode circumfer-
ence. Photography showed that plasma from this flare caused the formation of a
chain of flares propagating around the circumference in the 7 x B direction, with
an inferred velocity of propagation of about 2 cm/us (cf Sec. 2.5.5).

4.2.3. Typical Data

The orientation of the framing photographs relative to the surface electric
field is shown in Fig. 4.4. Typical framing pictures are shown in Fig. 4.5. To
check the dynamic range of the system. haif of the camera was covered with an
ND 0.5 neutral density filter. This filter has a response which varied slightly
with wavelength. ranging from about three to four times attenuation over the
wavelengths involved. The framing picture so obtained is shown in Fig. 4.5 a.
This difference in signal intensity can be seen to have a large effect on film exposure.
which must be kept in mind when examining these pictures. The jitter in timing
was only about 5 ns but since the total light output rose fairly rapidly this did
cause variations in the exposure. The exposure also decreases toward the sides of
the picture. presumably because of the properties of the optical system. Note that

the luminosity appears less uniform where the exposure is less. For this reason
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Fig. 4.4: Orientation of the framing pictures reiative to the strength of the
cathode surface electric field.
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different pictures are compared by comparing areas which have roughly equivalent

exposure.

bn most of these pictures the location of the cathode front surface can be
seen as a fairly distinct shadow, particularly off to the sides. The scale is noted in
the figure and unless noted the gap was 2.2 mm. The downward direction in these
pictures corresponds to the direction around the 1.6 mm cathode edge radius (see
Figs. 4.1 and 4.4) and hence to lower electric field regions. Fig. 4.5 d is compared
with the calculated surface electric field in Fig. 4.4. Spot formation is seen to be
confined to regions where the electric field (in the absence of space charge) at peak
voltage is >700 kV/cm. This seems high, and could be due to either shielding
from the electronic space charge (discussed in Sec. 4.14) or the fact that spots
formed at peak voltage have not grown bright enough to be visible at the time of
the gating puise (see Fig. 4.3).

Henceforth, the plasma on the cathode front surface (observed in silhouette) .

will be referred to as the front plasma while that on the edge (observed end-on)
will be referred to as the edge plasma.

Figs. 4.5 b and ¢ show examples of the observed extremes in luminosity uni-
formity. In Fig. 4.5 b the luminosity is relatively uniform. The edge plasma
luminosity consists of very small spots. and the density of these spots decreases
on the lower field strength regions of the cathode. In contrast, the picture in
Fig. 4.5 ¢ shows quite nonuniform luminosity. The front surface location can be
clearly seen and above that line are silhouettes of discrete plasma flares. Very
few edge plasma spots can be seen. The flares on top consist of bright centers
with diffuse surrounding regions of (presumablv) expanding plasma. The inferred
plasma expansion appears roughly hemispherical. but assymetries are also present
since plasma flares from several spots seem to be expanding preferentially to one
side or the other. From the locations of the spot centers it appears that the spot
density is highest right at the beginning of the cathode curvature where the field
is highest. Faint luminous regions can be seen extending from the edge spots

and the extensions of light seem to be preferentially in the direction of the an-

ode. It should be noted that this corresponds to the direction of the j « B force.
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Fig. 4.5: Typical framing pictures: (a) the right half of the camera was covered
with a ND 0.5 fliter; (b) example of uniform luminosity; (c) example of nonuniform
luminosity: (d) picture showing connected spots.
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This picture is interesting because the spots are sufficiently isolated that they can
be presumed relatively independent. In that case it is possible to observe the
expansion from an individual flare.

Fig. 4.5 d shows a more typical picture with the uniformit;y being in between
that of the two above cases. The structure of the edge spots is very interesting.
Each spot has an area of luminosity extending out from it, in most cases in the
forward direction. Sometimes, the direction changes. In particular, at the lower
right. three spots are seen grouped in a ‘dog leg’ where the line of luminosity turns
from parallel to the cathode edge to perpindicular to it (i.e., towards the anode).
These spots clearly seem to be coupled.

This luminosity structure is reminiscent of the erosion patterns observed on
dirty surface cathodes by Jiittner and coworkers, 37:9% where the erosion consisted
of both small spots and branch-like structures. It is suggested that the luminosity
and erosion structures are related: plasma expanding from a spot charges up and
burns off surface impurities, preferentially in the j x B direction and preferentially
along grain boundaries (because of higher impurity concentrations there). The
. propagation along grain boundaries explains the shifts in direction of the luminos-
ity lines. At certain points where conditions are favorable. the plasma causes a

new spot to form.

4.3. Dosimetry
4.3.1. Initial Observations

The electron beam uniformity was initially inferred from x-ray pinhole pho-

tographs and observation: of the anode damage patterns. A pinhole photograph j..'-. ',
and photograph of the anode damage pattern are shown in Fig. 4.6. The 3 mm o
pinhole required by the low x-ray intensity severely limited the resolution of this n
diagnostic: the pinhole photographs only show that the heam is more or less uni- ._—'3
form over a large scale length (the apparent fall-off of intensity at the edges is ‘::S:
due to attenuation by the vacuum can). The anode damage patterns show a '::j
relatively sharp upper edge and a lower edge that consists of streaks projecting 7
downward. The disadvantages to this measurement ware that the anode damage -\'23
53
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(Top) X-ray pinhole photograph. (bottom) Photograph of the anode

Fig. 4.6
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is most sensitive to low energy, late time electrons. Because of these limitations.
these diagnostics will not be discussed further, except to mention that the anode
damage patterns are similar to those on the dosimetric films to be discussed next.

4.3.2. Diagnostic Description

A rather powerful dosimetric technique was used to diagnose the electron
beam uniformity. A schematic of the arrangement, which was essentially the
same as that used by Bradley,!?! is shown in Fig. 4.7. This diagnostic used as
a recording medium 4-chiorostyrene,!32 a clear piastic which turns color upon
energy deposition by electrons. It is insensitive to heat or x-rays but somewhat

sensitive to soft UV and the linear dose range is about 1-10* J/gm.

A 0.05 mm sheet was placed behind a 0.2 mm aluminum anode, and this
sheet recorded the current density distribution at the anode plane of electrons
with energies greater than about 250 kV. Several 0.4 mm diameter pinholes were
drilled in the aluminum and styrene; electrons that passed through these were
recorded on a second styrene sheet located 1.5 cm behind the anode plane and
covered with a 0.15 mm aluminum sheet which stopped electrons having energies
below 200 kV. The pattern on this styrene sheet consists of a spot (or spots)
corresponding to each pinhole. The displacement of the spot(s) indicates the
local electron bending angle, the area covered by the spot(s) indicates the electron
beamlet divergance (emittance) and the uniformity of each pinhole image (i.e.,
whether it consists of one even spot or several separate spots) indicates the source

uniformity.

The diode current was chopped for these shots (by operating in negative
polaritv with the insulator rings set for positive polarity) to reduce damage to the

styrene.

Three effects which might complicate the interpretation of data from this
diagnostic are the self magnetic and electric fields of the beamlet emerging from
the pinhole. and electric field distortions caused by the pinhole edge. The latter
was seen to be negligible by taking some shots where half of the front of the anode
plate was covered by a sheet of 2 um aluminized polvcarbonate. No difference

was observed between the pinhole images on the two halves.
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Fig. 4.7: Schematic of the dosimetry diagnostic. An aluminum shim anode was
used on these shots.
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Magnetic field effects can also be shown to be negligible. The field B (in kG)
of a beamlet is given by .
Tjr
= = 4.1
! (4.1
where j is the beamlet current density in kA/cm? and r is the beamlet radius in

|®

cm. The larmor radius r; in ¢cm is given by

Vi il (4.2)

=17
L4} B

l. For j=10 kA/cm2, V=250 kV, and r=0.2 mm, the Larmor radius is about 14 cm.
As the beamiet spreads out, the field will decrease; once the beam has spread out
to 0.8 mm in diameter, the field will have dropped by a factor of four, giving a
Larmor radius of about 56 cm. The magnetic bending due to the beamlet self
field during the 1.5 cm path length to the rear film is then roughly 1.5/7;, or about

2°, which is significantly less than the observed divergence angles.

| The electric field effects are also calculated to be negligible; moreover, the
l. conducting aluminum sheets at the pinhole and image planes wil) tend to short
. out the self radial electric field.

4.3.3. Previous Work

I‘ As far as the pinhole diagnostic goes. the only relevant paper is apparently
Ref. 121, where a divergence angle of 3.5 degrees was quoted for a graphite cathode.
Similar diagnostics have been used before.-but in contexts unrelated to the present

experiment.

A

The current density distribution at the anode plane (which is recorded on the

first film in the present experiment) has been measured in previous experiments.
) Anode damage patterns from needle cathodes were investigated by Bazhenov. et

al.!** The diode consisted of two needles. 0.1-2 mm apart. with a (plane) anode-

'1-

cathode gap of 0.2-1 mm. For inter-needle spacings of 0.8 mm. distinct damage

spots were observed on the anode opposite each needle. For inter-needle spacings

less than this. damage having the appearance of a ‘brush stroke’ was observed.

LA __d 4
r\

in between the needles and perpindicular to the line joining them. This was ...._._.

attributed to the interaction between the beamlets from each needle.
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Toepfer and Bradley observed similar striations in the anode damage (using
4-chlorostyrene film behind a thin anode) on shots with razor blade cathodes. !34
The spatial frequency of the striations depended on the edge geometry. Parker
observed similar striations on shots with right circular cylinder cathodes if the
edges were sharp enough (<1 mm).*® These authors attributed the striations
to a resistive tearing instability. 2% Similar conclusions were drawn in Ref. 126,
although a thermal resistive instability }27 has also been suggested as the cause.

Milton!28 observed the exposure pattern on chlorostyrene film placed behind
a thin anode, using a planar diode. The interesting feature of this experiment
was the relatively low electric field (~200kV/cm) which resuited in incomplete
turn-on of the cathode. The exposure pattern consisted of isolated circular spots.
Analysis of these spots showed that the electron trajectories were roughly conical,
with a (rather large) divergence angle of 75 degrees. When cathodes with epoxy
filled holes were used, emission occured from the epoxy-metal boundaries.

4.3.4. Typical Data

Typical photographs of the exposed dosimetric films are shown in Fig. 4.8.
Again, the two pairs shown depict roughly the extremes of observed uniformity.
The upper photograph in each pair is of the film. henceforth refered to as the
anode film, that was placed directly behind the anode and which measured .the
total current density profile at the anode piane. (The holes in the film were drilled

beforehand and correspond 10 the locations of pinholes in the aluminum anode.)

- There are several features to the anode films. The exposure has a relatively
sharp boundary on the upper edge while it extends several mm below the cathode
on the lower edge. The exposure has a cellular structure. Below the lower edge.
the exposure consists of several ‘brush strokes’, spaced about 1 mm apart. Each
brush stroke is seen to have a finer structure. being composed of several intertwined

filaments. These brush strokes are similar to those observed in Ref. 123.

More anode films are shown in Fig. 4.9. The film in Fig. 4.9 a (from a shot
with a 1.6 mm cathode) shows that brush strokes are also visible under the damage

on the top edge. The film in Fig. 4.9 ¢ shows that the strokes are continuations

O
AT}
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of the cellular structure (as if it 'unraveled’). Another interesting feature is seen
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B Fig. 4.8: Photographs of typical exposed dosimetric films. The top film in each
pair is the anode film and the bottom is the target film. These are examples of
(a) relatively uniform, and (b) relatively nonuniform exposure.
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Fig. 4.9: Further photographs of anode films.
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# : in Fig. 4.9 b, where a series of overiapping spots of relatively uniform exposure
are seen at the top edge, similar to those reported in Ref. 128. These spots are

about 2 mm in diameter and 1 mm apart.

The following explanation is proposed for the patterns on these films: the

spots are exposure patterns from the initial emission sites (they presumably occur
over the whole pattern but are obscured by later exposure everywhere but at
the top). The spot diameters imply that the spread of electrons from the initial
emission sites has a large included angle, similar to that observed in Ref. 128.

As time progresses, more sites are formed and the beamlets interact, forming
the cellular patterns, as observed by Bostick.!?? [t is believed that the patterns
here are due to interaction of beamlets rather than a plasma instability since the
edges on these diodes were not particularly sharp.

If the cellular pattern is due to interactions between beamlets, then the spac-
ing should reflect the density of emission sites and be related to the luminosity
uniformity. Indeed, this is the case. The cellular spacing is finer on the top an-
ode film in Fig. 4.8 than on the bottom; this correlates with the fact that framing
pictures for this case show the structure of luminous spots also to be on a finer
scale. The spacing is about 200 um, implying a site density of 103-10*/cm?2 which
is consistent with estimates of emission site density in Ref. 43. Because of the
uncertainties in the interpretation of these films no more will be said about them
other than to note that the fineness of cell spacing is always correlated with the
uniformity of pinhole images on the films. henceforth referred to as target films.

that were placed 1.5 cm behind the anode plane.

These target films are shown in the lower of each pair of photographs in the
figure. The locations of pinhole itnages are not exactlv matched to the pinhole
locations. implying that there was some magnetic bending of the beamlets in the
diode. The beamlets are seen to be bent inwards and down. as would be expected
from the magnetic field structure in the diode. The bending angles are about
10-15°. Local elec’ron beam divergence (emittance) is indicated by the area of
each pinhoie image. Some of the spots are elongated with longer dimensions along

the dire-tion of magnetic bending and this elongation ﬁres’umabl,v-caused bv a
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movement of the image with time; for this reason the spot dimensions transverse
to the bending direction are considered the relevent dimensions for measuring
divergence. The pinhole images on the upper film are relatively uniform and are
about 2 mm or less in diameter. This implies a divergence half angle of about 4

degrees, similar to the value of 3.5 degrees quoted in Ref. 121.

The current density at the anode plane was about 10 kA/cm?; with 0.4 mm
pinholes and a spot size of 2 mm, the current density on the film was about 100
A/cm?; with a typical rate of energy deposition of 5 MeV-cm?/gm, 30 this implies
a deposition in the film of 40 J/gm, which is within the 4-chloros:yrene linear
range. The deposition in the anode film was about 1 kJ/gm, also within the

linear range.

The target film for the bottom pair shows a striking difference in exposure
uniformity. To begin with, the area over which each pinhole image is spread is
larger, implying a divergence half angle of about 10 degrees. More important,
each pinhole image is not solid but consists of several discrete spots. This implies
that either the electron beam source brightness is highly nonuniform, with some
areas not emitting at all. or that the local bending angle varies greatly, as if the

magnetic field structure is chaotic.

Since chopping the current caused most of the energy to be reflected back to
the Marx, a limited number of shots were taken with this diagnostic. In general,

2-4 shots were taken with each cathode condition.

4.3.5. Electron Flow

It was originally planned to use the Herrmannsfeldt code to predict the elec-
tron trajectories. However. the current density in these experiments was greater -
than the code was designed to handle. and the code failed to converge. A typical

output is shown in Fig. 4.10. Note that because of the magnetic field assymetry

(which was irrelevant as far as potential plotting is concerned), it was necessary to

model the entire diode cross section. It is interesting to note that even though the
code results did not converge quantitatively, the general qualitative nature of the
current flow remained unchanged over the iterations of the program. and correctlv

reproduced the observed damage patterns: the confined flow at the top edge. with

.
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Fig. 4.10: Hermannsfeldt code output for a 6.4 mm cathode and 2.2 mm gap.
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the upper limit of anode damage being opposite the cathode upper edge, and the
diverging flow at the bottom edge with anode damage extending well below the
cathode lower edge. Also, the degree of bending predicted by the code was similar
to that inferred from the target films.

4.4. Effect of Prepulse

It is stated in Ch. 6 that the effect of prepulse can be neglected; that is

supported here by framing pictures taken on shots with and without prepuise.
As for those mentioned in Ch. 6, these shots involved Aerodag coated 1.6 mm
’cathoda, which had the highest prepulse electric fields (~70 kV/cm for several
E . hundered ns). No difference is seen in framing pictures between the two cases,
' as shown in Fig. 4.11 (the difference between the two pictures in Fig. 4.11 is less

than the shot-to-shot variation).

4.5. Dependence on Cathode Surface Preparation

In large machines, design considerations often mandate that the cathode(s)
be made of aluminum because of its low weight and good machineability. In

particular, this is the case for the Sandia PBFA-II accelerator mentioned in Ch. 1.

Because of this a variety of surface preparations were examined for aluminum

cathodes. Particular attention was given to the effect of an Aerodag coating.

W SEUR ]

Such a coating has long been assumed to be beneficial, but its use on extended

area cathodes causes a problem due to outgassing. In addition there is the need »
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to periodically recoat the surface which can be an expensive and time consuming

procedure requiring extensive disassembly.

Framing pictures of cathodes with different surface preparations are shown
in Fig. 4.12. The effect of surface roughness is examined in the first two pictures
— the cathode in Fig. 4.12 a was sandblasted. while that in Fig. 4.12 b was
smoothed on an abrasive wheel to a relatively shiny finish. The uniformity is
clearly enhanced when the cathode was sandblasted — in the smooth case the

luminosity boundary facing the anode is less even and there are fewer edge spots.

Similar pictures of sandblasted and smooth Aerodag cathodes are shown in

Figs. 4.12 c and d. It should be pointed out that there are shot-to-shot variations
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Fig. 4.11: Framing pictures taken on shots (a) with and (b) without prepuise.
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smooth.
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in framing pictures taken with similar cathodes. In general, the beneficial effect
) of sandblasting is also observed with Aerodagged cathodes but the difference is on

the average less striking than with aluminum cathodes.

Aerodagging is seen to have a decidedly beneficial effect when smooth cath-
b odes are used. When sandblasted cathodes are used, however, the effect is less,
being almost lost in the ‘noise’ of shot-to-shot variation.

Fig. 4.12 e is a picture of a smooth Aerodagged cathode. Now, normally the

# Aerodag was applied in three light coats with no subsequent preparation. In this
case the Aerodag was polished with a cloth to a shiny finish. The uniformity is
seen to be worse than that of the unpolished Aerodagged smooth cathode in the
picture above it.
b Finally, the cathode in Fig. 4.12 ¢ had a smooth surface and was coated

with a thin layer of silicone pump oil (DC 704). In’ this case a small drop of oil
was applied and then rubbed off with a clean cloth; the resulting surface had a
glossy appearance but did not have any visible ‘puddles’ of oil. The uniformity is
severely degraded in this case, which is not too surprising since oil is often used to
suppress emission. The effects of coating sandblasied surfaces with both silicone
and hydrocarbon oil were also examined. Here the uniformity degradation was
slight, if at all, and perhaps this is because the roughened edges poked through
the oil.

The tree-like luminosity structure can aiso be observed in these pictures. In
particular, in Fig. 4.12 d there are several ‘dog legs' connected by fine strands

(~100 um wide) of luminosity.

Target films for different surface preparations are shown in Fig. 4.13. Again,
Figs. 4.13 a. b. c. and d correspond to sAndblasted and smooth aluminum. and
sandblasted and smooth Aerodag cathodes. respectively. Here the improvement in
uniformity when (bare) aluminum cathodes are sandblasted is -even more apparent.
than in the framing pictures — several of the pinhole images for the smooth case
consist of many spots spread out all over the place. With Aerodagged cathodes.

again the effect of sandblasting is less pronounced. Only two shots were taken
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Fig. 4.13: Target films for different surface preparations: (a) sandbiasted: (b)

{ smooth: (c) Aerodagged sandbiasted: (d) Aerodagged smooth; (e) bead biasted.
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with sandblasted Aerodagged cathodes and the target film exposure uniformity

P was about the same as when sandblasted aluminum cathodes were used.

It has been suggested'3! that glass bead blasting produces a ‘better’ surface
and so two shots were taken with cathodes that had been glass bead blasted. In
» this case the surface appeared less shiny than with the usual sandblasting, having
almost a matte finish. A target film is shown in Fig. 4.13 e and as can be seen

the uniformity is worse than that with the sandblasted cathodes.

‘ 4.6. Effect of Conditioning

Since a serious drawback to Aerodagged surfaces is the need to recoat them,
it is desirable to determine whether a sandblasted aluminum surface will hold T

up or whether it will become smooth with repeated shots and need to be re-
blasted. In general, the effect of conditioning could not be examined in this o —-.—-w
experiment as blow-back of anode material after the. shot covered the cathode AR
and dominated any effects due to electron emission. For a few shots, however,
decreased resistivity in the PFL resulted in a roughly 20% reduction in the diode
current and voltage. This 40% reduction in energy virtually eliminated damage
to the anode and resulted in cathodes that appeared unaffected after the shot.
On the assumption that post-pulse anode effects were negligible, seven shots with

the same cathode were taken in series. Framing pictures for this case are shown

in Fig. 4.14. In this case the integrated charge transfer was about 1 mC/cm? (_'.'_.: Ao

per shot. While there are shot to shot variations, caused partly by variations N

in the current (the generally low current can explain why these look fainter than f-fj: :
LR

those with the blasted aluminum cathode in Fig. 4.6), there is no observable steady ,..9_.,.

degradation in uniformity. If anything, the later pictures look better than the first.

So it can be concluded that a total charge transfer of 6 mC ¢m?® does not blunt
or otherwise render ineffective a sandblasted surface. This is not surprising since ,f
cxplosive emission pulises longer than a few ns are known to roughen a surface, as
discussed in Ch. 2. Also. the roughness due to sandblasting is on a much larger \

scale than the micron scale associated with melting of metallic protrusions.
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4.7. Effect of Different Materials

Framing pictures of cathodes of different materials are shown in Fig. 4.15.
Poco graphite (Fig. 4.15 a) is definitely associated with the most uniform lumi-
nosity. Reactor grade graphite (Fig. 4.15 b}, which is cheaper than the higher qual-
ity Poco, is seen to have almost as much luminosity uniformity as Poco graphite.
Figs. 4.15 ¢, d, and e are of aluminum, brass, and stainless cathodes, respectively.
In general, any differences in luminosity uniformity between different metals are
only slightly, if at all, greater than shot-to-shot variations for a single metal. It ap-
pears that brass produces slightly higher uniformity than aluminum while stainless

cathodes have slightly less luminosity uniformity.

Target films for different materials are shown in Fig. 4.16. As with the fran¢
ing pictures, the graphite cathodes produces the most uniform exposure. With

dosimetry, brass appears superior to aluminum with stainless slightly worse.

4.8. Effect of Electric Field Rise Time

The one factor that has the greatest effect on uniformity is the electric field
rate of rise dE /dt. as shown in Fig. 4.17. This rate of rise was varied by punching
the PFL output switches off center as described in Ch. 3. Poco graphite cathodes
were used for the shots in the figure, although similar results were observed when
aluminum cathodes were used. Framing pictures for values of dE/dt that differ
bv a factor of four are shown in Figs. 4.17 ¢ and d. Voltage and current traces.
along with the intensifier gating pulses, for the reduced dE : dt shots are shown in
Fig. 4.18. The value of dE  dt prior to turn-on was 2x10!* V cm-sec on normal
shots and 5 < 10'¢ V cm-sec for for the reduced dE dt shots. The value of dE / dt

decreased by about a factor of three after the initial turn on in both cases.

Target filme are shown in Fig. 4.10 a and b. In this case there was a limit on
how slow the field could rise because the diode voltage had to be high enough for
electrons to penetrate the aluminurm that covered the target film. so that the siow
field rise in Fig. 4.183 b was only a factor of two less. that is. 1-10!* V cm-sec.
Even the "best’ emitter. Poco graphite. has seriously degraded uniformity when

the field rise time is siowed.
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Fig. 4.16: Target films for different materials: (a) Poco graphite: (b) reactor
graphite: (c) aluminum: (d) brass: (e) stainiess steei.
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-1
: It could be argued that this degradation in uniformity is only due to the
plasma formation time being longer for the lower dE/dt and that with time these
\r\ cathodes would show uniform luminosity. However, framing pictures taken 20 ns
‘ later show that the nonuniform nature of the luminosity persisted.
4.9. Epoxy-Metal Coatings

A few shots were taken with cathodes that were coated with a mixture of
- copper dust and liquid epoxy. It was hoped that either the field enhancement due
- to all of the dielectric metal junctions or enhanced breakdown of epoxy caused
-‘- by ionic charging under the plasma cloud would improve uniformity. It should
L be stressed that little attempt was made to investigate or optimize the coating
T technique and the coating was often somewhat uneven, causing variations in the
gap- It should also be pointed out that this epoxy-metal coating was a distributed
\ mixture, that is, different than previous epoxy metal cathodes that consisted of

. epoxy filled grooves in metal. Plasma formation on the earlier cathodes was
dominated by flashover of the epoxy. In the present case, the small size of each
epoxied area (tens of microns or so versus mm) prevented flashover as such. Also.
4. the coating looked like a conductor to an ohmmeter. Target films and framing
:. pictures are shown in Fig. 4.19. In Figs. 4.19 a and d. the cathode was simply
.: coated with the mixture, while in Figs. 4.19 b. ¢. and e a light coating of copper
f::j' dust was sprinkled on afterwards (the coating was only partial: epoxy was still
.' visible underneath). Clearly, in the first case uniformity is degraded. However,
: .. in the latter case the uniformity is about as good as sandblasted aluminum, and
;1."1: perhaps it would be possible to improve the coating to where it was superior to
:jf":,’ aluminum. Of course. such a coating would cause even more outgassing problems
" than Aerodag.
" 4.10. Effect of Current Density

. It is important to determine the scaling of uniformity with current density.
:-; However. it is not possible in the present experiment to differentiate between
-,s effects due to variations in curent density and those due to the corresponding
S variations in the electric field. In this experiment verv little difference was noted
"
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Fig. ?9:. The effect of a copper-epoxy coating.
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between the three current densities used (8. 13, and 39 kA,cm?, peak), with

perhaps slightly greater uniformity at the higher current densities. In this case
the peak electric fields varied as (0.8:1:1.5). At first this would seem to contradict
the aforementioned strong effect of dE/dt. Now, the lowest dE/dt in this case
was about 85% of the dE/dt for the ‘good’ case previously mentioned, and so one
reason for the seeming independence of uniformity on electric field in this case
might be that there is a threshold dE/dt, below which uniformity is degraded but

above which there is little improvement with increasing dE/dt.

If so, then the threshold value of dE/dt is about 2x10!4 V/cm-s. It would
also seem from the framing pictures for different current density cathodes that a

fivefoid increase in current density has no effect.

4.11. Other Effects

For some shots, Aerodagged stainiess steel cathodes were heated in situ to
500°C and no difference was observed with framing photography. Likewise, no
effect of discharge cleaning for 40 minutes in 200 mT of argon (with sandblasted

aluminum cathodes) was noted.

4.12. Framing Pictures Later in Time

A few shots were taken with the framing camera gating pulse delayed to look
at the plasma later in time, as shown in Fig. 4.20. Fig. 4.20 a is a standard
picture, while that in Fig. 4.20 b was taken 40 ns later. Fig. 4.20 ¢ 70 ns later and
Fig. 4.20 d 90 ns later. The gating pulses in this case are indicated in Fig. 4.21.
The bottom two pictures were taken with an ND 0.5 filter. At 40 ns delay the
plasma is seen to have expanded with no obvious change in profile. At the later
times an interesting feature is observed: the plasma is seen to be brightest at about
I mm from the cathode surface with a darker laver closer to the cathode. On the
latest picture some anode plasma can be seen (it can be seen very faintly on the
previous picture) and an arc is visible off to the left. In general the division into

bright and dark bands occurs at this time. that is. at the end of the voltage pulise.

This is similar to that observed in Ref. 116.
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4.13. Conclusions — Technology

This chapter summarizes measurements of plasma luminosity and diode elec-
tron beam trajectories which are used to infer the uniformity of plasma formation.
Although both are qualitative, it is encouraging that the luminosity uniformity,
evenness of exposure patterns on the anode film, average divergence (emittance)
angles, and electron source brightness uniformity (the latter two inferred from the
target films) are all correlated with one another. From this several conclusions

can be drawn.

Sadly, graphite is indeed the best material from which to fashion a cathode
(sadly, because it was hoped that a more practical surface wouid be found). The
cheaper reactor grade graphite works about as well as Poco graphite. There
is little difference in the performance of the metals examined, with brass being
slightly better and stainless slightly worse than aluminum. The apparent slight
increase in uniformity with brass cathodes and decease with stainless cathodes
could be due to the hardness of the metals — brass would be expected to be more,

and stainless less, affected by the sandblasting than aluminum.

With aluminum cathodes, performance is enhanced either by coating with
Aerodag or by sandblasting the surface (or better yet, by doing both). The differ-
ence in performance between sandblasted and Aerodagged cathodes is sufficiently
slight for sandblasting to be an acceptable alternative where Aerodagging is un-
desirabie. Sandblasting is superior to the glass bead blasting tried: whether this
is due to the coarser finish from sandblasting or the different abrasive materials
used is unknown. It is suggested that the optimum sandblasting technique is that
which produces the roughest. or most ‘sparkly’ appearance. The effect of sand-
blasting is not diminished by, successive shots with integrated charge transfers of

1 mC cm*. Uniformity is degraded when the cathode is coated with oil.

Aerodag surfaces do not behave similariyv to solid graphite surfaces. In partic-
ular. the Aerodag surface that {visually) most resembles solid Poco is the smooth
polished coating, which performs the worst. If Aerodag is used it should be simplyv

spraved on and left as is.

107

___________ LRI Y e e . - - W e mT At T A tatate .
- .-.‘. o, e e e 'n ‘u"'.- .|‘|,|.\\!‘. L v l'.‘ .. ' AT Y

..-.." .o \,.._-‘-’-‘. -




¢ AN/

Y
P

'r.'l v .v‘; A‘l_‘l . .l,_'_'

RN DO

= T
.........

The single most important factor in determining uniformity is the diode
dE/dt. There is some evidence that there is a threshold dE/dt needed for opti-
mum uniformity. This value of dE/dt is about 2x10%** V/cm-sec for the few ns

prior to initial turn-on and about 7x10!3 V,cm-sec after that..

No effect of heating, glow discharge cleaning, or fivefold variations in current

density is noted.

A few shots taken with an epoxy-copper coating showed promising results and
perhaps an improved surface could be developed using this technique, although it

may not be worth the effort involved in preparing such a surface.

4.14. Conclusions — Physics

The beneficial effects of roughness and the harmful effects of an oil coating
are both consistent with the beneficial effects of a high dE/dt, since the first will
provide a locally enhanced field and the second will reduce the field. The impor-
tance of a high dE/dt is believed to be related to the shielding effect pointed out in
Ref. 119: electrons emitted from an emission site will tend to shield neighboring
sites from the diode field. From the anode films in this experiment and the results
of Ref. 128. distances on the order of the diode gap from an emission site will be

shielded. so that the effect can be significant.

When a rising electric field is applied to the cathode. some initial emission
sites will turn on as soon as the field reaches a critical value. The shielding effect
of the electron current from these sites will increase with time as each plasma flare
expands and allows more current to be drawn from its surface. Thus. the local
electric fleld at a potential emission site. adjacent 1o one that has turned on. will
be influenced by the diode (average) dE dt (which tends to increase the field with
time). and by the shielding effect (which grows stronger with timej. The net effect
is then determined by the magnitude of dE df. The improvernent with increased

dE dt is analagous to the behavior of a multichannel gas switch.

Similar conclusions were drawn in Ref. 132, which involved a study of emission

from multi-tip cathodes.
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The expanding plasma from a smaller number of early emission sites will give
rise to a bumpier surface, and local electric fields at the plasma surface can increase

the electron transverse velocities.

Several interesting phenomena have also been observed. The framing pictures
show that the edge spot luminosity consists of discrete spots connected by fine
strands. It is believed that the strands are related to plasma formation along
grain boundaries, and the spots are evidence of plasma induced emission site

formation.

The cellular structure on the anode films is believed to be due to the interac-
tion of individual beamlets, and this interaction is evidently a contributing factor

to the electron beam emittance.

The nonmonotonic variation in luminosity intensity with distance from the

* cathode front surface observed late in time is also interesting. This could be

due to an enhanced heating of the lower density plasma further from the cathode

surface, or to a flow of colder material from the cathode late in time, and will be
discussed further in Chs. 7 and 8.
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Chapter 5
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Cathode Surface Analysis

w
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5.1. Introduction

This chapter describes surface analysis of the cathodes, both before and af-
ter shots, using scanning electron microscopy (SEM) and energy dispersive x-ray
analysis (EDAX). The purpose of this work was not to carry out a comprehensive

investigation of the cathode surface microstructure, but rather to answer a few

g specific questions.

If the energy deposition in the anode is sufficient to form an anode plasma,
then an ion current will low in the diode. The presence of ions, as shown in later
chapters, would complicate analysis of data from several diagnostics. It will be
A shown that the resulits of cathode surface analysis place a limit on the ionicvenergy

:Z:: deposition at the cathode, and hence on the ion current in the diode.

In the previous chapter, different cathode materials and surface coatings were
. associated with variations in inferred plasma uniformity. This was presumed to
" be due to variations in the local dE/dt due to different surface roughnesses. SEM
was used here to see whether plasma uniformity is correlated with any obvious

differences in cathode microrelief.

As mentioned in Ch. 2, there is a growing body of evidence that implicates
dielectric inclusions in breakdown initiation. In particular. one possible reason for
- the beneficial effect of sandblasting, in addition to the increased surface roughness
: that results. would be that the abrasive particles become lodged in the surface and
become potential emission sites. The cathodes were examined to see if there was
a significant presence of abrasive particles on sandblasied cathodes. In addition

to this the cathodes were examined to characterize the (higher atomic number)

impurity constituents.
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5.2. Before/After Comparisons

o Micrographs of 6.4 mm sandblasted aluminum cathodes before and after shots
are shown in Fig. 5.1. Magnifications of 120x and 1000 - are shown (the scales
are indicated at the bottom of each picture). Those in the top row were taken of
a cathode before the shot. The surface is very rough on a tens of microns scale.
This roughness consists of a complex “chewed up” pattern with twisted peaks,
valleys, and ridges. A white (which indicates that it is nonconducting) particle
can be seen in the center of the 1000x picture, and several can be seen at the

P lower magnification.

After the shots, portions of the cathode surface were seen to be darkened.
These darkened areas consisted of spots a few mm in radius. For higher current
- densities the entire cathode was darkened while for lower current densities only
a small part of the cathode area was darkened, and no darkening was seen if the
-_j pulse was prematurely terminated because of flashover. It is believed that the

dark areas are caused by carbonization of surface oils, and because of the above
. o observations it is reasonable to assume that this is due to ions. It is certainly true
that these dark areas represent areas of maximum cathode surface change by the
shot. In the middle row in Fig. 5.1 are shown micrographs of a dark area from
Y a cathode after one shot. There is no obvious difference in the surface structure
between these and the pictures above. Visible micrographs of the surface were

¥ consistent with the assumption that the darkness consisted of carbonized oils.

N, There is clearlv no evidence of meiting in these micrographs. Because of
' the complex structure. if the layer where melting occured was sufficiently thin, it
would not have been noticed. From these pictures a reasonable upper limit on

the thickness of anv molten laver can be placed at a few microns.

‘;(‘ From the absence of melting, a limit on the diode ion current can be obtained.
Protons with energies between 50 kV and the peak diode voltage have a specific
energy deposition rate of about 1.1:10° eV.cm in aluminum.!22 The range of
200 kV protons in aluminum is about 2 um. The range of energy deposition will
be increased somewhat because of heat conduction: as described in Ch. 10. the

heat conduction length in aluminum is about 1.5 um in 40 ns. The resulting range
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Fig. 5.1: Micrographs of 6.4 mm sandblasted aluminum cathodes. at 120> magni-
fication (left) and 1000x magnification (right). (top row) Before the shot: (middle
row) a dark damage area after one shot: (bottom row) a cathode which was used
for five succesive shots at reduced energy.
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of 3 um or so is sufficient for meiting to have been visible. An energy deposition
of 1.1 kJ/gm, or 2.9 kJ/cm?, is required to meit aluminum.'3* In the absence of
heat conduction, from the energy deposition rate above this gives a required dose
of 2.6 uC/cm? of ions for melting. Heat conduction will increase the range by less

than a factor of two, giving an energy of about 3 uC/cm?, or 3x 10!2 protons/cm?.

In order to obtain a limit on the time of ion current onset, it is necessary to
relate the ion current to the electron current. In a planar diode with bipolar flow,

the electron and ion currents are related by !3°

JilJe = (""/Alt)l/2 (5'1)

so that the proton current would be about 2% of the total current. The effect of
pinching will be to increase the ion current, so that the 2% value may be taken as
a lower limit. Thus, the total charge transfer in the diode during the time when
ion current is present is at most 50 times the maximum ion charge deposition, or
2.5x10~* C/cm?.

The charge transfer density (i.e., the time integral of the current density) in
the diode is shown in Fig. 5.2. Since at most 2.35x10~* C/cm? could have been
transfered during the time of ion current, the earliest possible time of ion current
onset is that for which the subsequent charge tranfer density equals 2.5x10~4

C 'cm?2. From the graph. this time is 70-80 ns.

Electrons at the diode energy have a specific energy deposition rate of about
2x10° eV c¢m in aluminum.!3® From Fig. 5.2, at 70 ns the energy deposited in
the anode by the electron beam is then 3.4 kJ gm. In Ref. 136. ion current was
observed from carbon anodes when about 2 kJ gm was deposited in the anode.
although the rapidly rising value of the energy deposition with time gave rise to
some uncertainty in this number. Considering this. the 2 kJ gm number here is

reasonable.

It can be assumed that ion current can be negiected when larger cathodes
were used. since the energy deposition density in the anode was less because of

the reduced current density. The area of the anode damage pattern when 1.6 mm
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Fig. 5.2: Charge transfer in mC for the 6.4 mm cathode. The cathode has
an area of 4.2 cm?. so that the charge transfer density is 2.4<10-*C cm? per
division.
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cathodes were used is about 0.6 of that when 6.4 mm cathodes were used. In this

case 3.4 kJ/gm would have been deposited in the anode after 40-50 ns.

The lower micrographs in Fig. 5.1 are of a cathode after five shots were taken,
under the conditions of reduced current mentioned in the previous chapter where
the ion current was assumed zero and so any damage observed would be indicative
solely of the effects of current transfer from the cathode. There is no obvious effect
of the five shots. This is probably because the roughness induced by sandblasting
dominates any effects of the shot, which is consistent with the fact that the inferred
o uniformity showed no obvious change when several sucessive shots were taken with

the same cathode. From Ch. 2, the typical size of emission centers (and hence,

presumably any resulting erosion) is on the order of microns.

‘i‘ 5.3. Different Cathode Materials

Micrographs of aluminum, stainless, and brass cathodes (before the;. shot) are

shown in Fig. 5.3, at magnifications of 50x and 1000x. The surface structures

@ of each are relatively similar and appear equally rough, although the brass and
stainless roughness seems to be on a somewhat finer scale. This similarity is

consistent with the fact that cathodes of all three metals give rise to similar inferred

uniformity of plasma production.
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